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Abstract
The fluorescence quenching of 9-ethylcarbazole was studied in solution and
heterogeneous dispersions. A heavy-atom quencher, 4-iodotoluene, was used to quench
the fluorescence of 9-ethylcarbazole. Polymer analogs of 9-ethylcarbazole and
4-iodotoluene were incorporated into separate latex solutions, and quenching experiments
were carried out with non-polymer and latex-bound analytes. Quenching in micellar
solutions and latex dispersions was 20-1000 times more efficient than in homogeneous
solutions. The diffusion of analytes into the dispersed phase of heterogeneous matrices
created high local concentrations of the fluorescing species and quencher, while the
global concentrations remained relatively low. The fluorescence quenching in latex
solutions of poly[(methyl methacrylate)-co-vinylcarbazole] was exceptionally efficient.
At SDS concentrations of 0.008 M, a Stern-Volmer slope of 80,000 was obtained. A
quencher concentration of 1 x 10"6M was sufficient to cause significant quenching in
latex solutions that had a carbazole concentration of 5.5 x 10"5M.
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1. Introduction
Fluorescence quenching has been used to study a variety of chemical
environments and matrices. Quenching techniques are among the most sensitive and
affordable ways to extract information on intermolecular interactions at molecular
distances. Such methodology has been in vogue since the 1970's to study, among other
things, protein
folding1'2
and DNA interactions3'4 in aqueous solution, molecular
interactions within micelles,5'6,7'8'9'10polymer latexes,11,12'13'14 and polymer-polymer
interactions in cast films15,16'17. Fluorescence quenching is a superb method to study
heterogeneous media such as micelles and latexes because it is a phenomenon that
requires the interaction of two separate molecules over a distance of angstroms to tens of
nanometers, the length scale being dependent on the pair of molecules that is used. The
multi-phase nature of micelles and latexes can be manipulated to carry out interesting
studies. If the pair of molecules used can be confined to the interior of micelles or latex
particles, the overall concentration of the analyte can be kept low, while the local
concentration of analyte within the particles can be enhanced by several orders of
magnitude.
1.1 Fundamentals ofEmulsion Polymerizations
A latex is a suspension of polymer particles in an aqueous medium that is
stabilized by surfactant. The synthesis of a latex solution is a complex balance of kinetics
and thermodynamics, though experimentally the procedure is rather simple. The
reactants required to make a latex include: a polar solvent (generally water), a surfactant
at a concentration well-above the critical micelle concentration (CMC), a hydrophobic
monomer, a radical initiator, and in some cases a co-surfactant. Emulsion polymerization
occurs in two distinct steps: initiation and chain growth (see Figures 1.1 and 1.2).
Assuming water to be the polar solvent, during the initiation step, monomer is added to
an existing surfactant solution that contains an aqueous soluble initiator. The surfactant
assembles in small clusters called micelles. Monomer is driven toward the hydrocarbon
interior of these micelles. The addition of monomer creates a three-phase system. The
continuous phase is the aqueous phase, which contains a very small amount of monomer
and most of the initiator. There is a phase of swollen micelles several nanometers in
diameter. The third phase is the droplet phase. The droplet phase consists of relatively
large pools of monomer separated from the bulk phase by a layer of surfactant molecules.
The droplets may be on the order ofmicrometers to millimeters in diameter. There are
far fewer droplets than swollen micelles, but the mass of monomer in the two dispersed
phases is approximately equal. Though the droplets hold as much monomer as the
micelles, the total surface area of the swollen micelles greatly exceeds the total surface
area of the larger droplets. The surface area of each dispersed phase is dependent upon
the amount ofmonomer in solution and the method of agitation used to stir the reactants.
Initiation begins when an initiator reacts with a monomer in the aqueous phase.
The initiator is a water soluble salt that reacts in aqueous solution to generate a radical
species. In the case of sodium persulfate (Na2S20g), the following reaction occurs to
generate the anionic sulfate radical initiator:
Na2S208(S) + H20(i) -> 2Na+(aq) + S2082"(aq)
S2O8 (aq) > 2S04 *(aq).
An activated initiator,
2S04"
*, will attack the double-bond of the monomer and create a
radical monomer-initiator complex in the aqueous phase. The activated monomer-
initiator complex is driven to the hydrocarbon interior of the micellar phase. The greater
surface area of the swollen micelles leads to a higher probability that the activated
monomer will diffuse into a swollen micelle, rather than into a droplet. Once in the
swollen micelle, the activated monomer initiates a radical polymerization within the
micelle. This occurs throughout the reaction medium. There are in essence trillions of
swollen micellar polymerization vessels dispersed by the aqueous solution.
During the chain growth regime of polymerization, the droplet phase becomes
important. At this stage, the polymerization is occurring in the swollen micelles and the
concentration ofmonomer within each swollen micelle is decreasing as the polymer
grows. The polymer that is made within the micelles is held there by kinetic and
thermodynamic factors. The monomer, however, is still able to diffuse through the
surfactant-water interface. A concentration gradient develops between the droplet and
micelle phase. The large pools of monomer in the droplets feed the ever-swelling
micelles to maintain a balanced monomer concentration throughout the dispersed phase.
This diffusion driven process results in a growing latex particle. Monomer continues to
be converted into polymer until either all initiator and activated polymer chains are
deactivated, or until the pools ofmonomer in the droplet phase dry up.
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Figure 1.2 The Second Regime of Emulsion Polymerization: Chain Growth
1.2 Fundamentals ofMicelles
Micelles are dynamic molecular assemblies, composed of surfactant molecules
that have hydrophobic tales and hydrophilic head groups, dispersed in a polar solution.
The hydrophobic tales are typically long hydrocarbon chains that are not
thermodynamically stable in solution. The nonpolar segments of surfactant molecules are
driven toward each other in polar solvents, particularly in water. The hydrophilic, or
"water-loving", charged head groups are stable in solution. When a critical concentration
of surfactant is reached, the molecules self-assemble so that the hydrophobic ends of the
molecules cluster together, and the hydrophilic ends remain in contact with solvent. This
process is entropy driven. The entropy of the surfactant decreases, but this decrease is
overshadowed by the entropy gains of the solvent. Surfactant assemblies in nonpolar
solvents are referred to as reverse micelles. Reverse micelles are organized so that the
charged head groups are directed to the core of the micelle and hydrocarbon tails form
the outer shell. This form of self-assembly is enthalpy driven.
Anionic surfactants contain anionic head groups balanced by simple cations (K+,
Nil/, etc.). The surfactant dissociates in polar solvents and each ionic component is
driven to a specific region of the solution (see Figure 1.3). [Cationic micelles assemble
in the same fashion, but the charges are reversed.] The anionic head groups arrange into
spherical micelles, surrounded by a region of solvated cations held at the micelle surface
by electrostatic interactions. This organized arrangement of ions within a solvent is
known as the electric double
layer.18 The typical diameter of the micelle and surrounding
double layer is on the order of 10-25 nm. The formation of this double layer and the
micellar assembly significantly changes the conductivity of the solution. Before this
formation, surfactant ions are randomly distributed throughout the bulk phase and are
concentrated at the air-solvent interface as a monolayer. An increase in the concentration
of ions in solution gives rise to an increasing conductivity. Upon reaching a critical
concentration of surfactant, the surfactant molecules spontaneously assemble into
micelles. The conductivity of the solution increases less rapidly as a result of this
organization. The point at which there is a noticeable change in slope of conductivity
versus concentration is known as the critical micelle concentration (CMC).
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Figure 1.3 Cross-sectional View of an Anionic Micelle in Aqueous Solution
Micellar assemblies are not static bunches of molecules. Rather, there is a
constant dynamic exchange of surfactant molecules between the solvent and micellar
phases. Despite their dynamic nature, micelles exhibit a narrow range of sizes depending
on the type of surfactant used and concentration of solutes within the solution matrix.
o
Typical radii for micelles, excluding the double layer region, are on the order of 25 A.
Sodium dodecyl sulfate (see Figure 1.4), abbreviated SDS, is one of the most common
and well-characterized surfactant molecules that forms micelles. The sodium cations are
held in the double layer of the dodecyl sulfate anionic micelles. In solutions of SDS and
water, spherical micelles form at a concentration of approximately 0.00810
M12
and the
aggregation number at the CMC is approximately 50.
19 The aggregation number
indicates how many surfactant molecules, on average, make up a single micelle. At the
CMC, the concentration ofmicelles is 1.6 x
10"
M. The value of the aggregation number
varies depending on the experimental technique used to measure this quantity.
Figure 1.4 Molecular Structure of Sodium Dodecyl Sulfate (SDS)
As the SDS concentration is raised above the CMC, the aggregation number (n)
also increases. Ranganathan, et
al.20
used time-resolved fluorescence quenching to
develop a formula to determine the aggregation number of SDS as a function of
surfactant concentration. The increase is a function of the sodium ion concentration
dissolved in the aqueous phase and K2, a complex term dependent on the CMC and
several physical constants of SDS:
n =
K2([Na+]aq)a23
(1).
The lone source of sodium ions in the simplest possible system is from the SDS. If this is
the only source of sodium the formula becomes:
n =
K2([SDS]aq)023 (2).
A three-fold increase in SDS concentration above the CMC results in a 2.3-fold increase
in the concentration ofmicelles within a solution. The aggregation number at three times
the CMC is 66 and the micelle concentration is 3.7 x 10"4M.
The properties of a micellar solution are altered when another species or analyte is
introduced. Co-surfactants, such as alcohols, are commonly added to SDS solutions to
help drive the formation of micelles. Co-surfactants provide a further thermodynamic
driving force to accommodate the organization of micelles. The effect of an alcohol can
be seen in the comparative results of adding two percent, by volume, of 1,4-dioxane and
2-propanol to aqueous solutions of SDS. As the concentration of SDS is increased, the
slope of the conductivity changes at a concentration of 0.0072 M for the solution
containing 2-propanol. 1,4-dioxane also lowers the CMC, however, with a less drastic
effect (see Figure 1.5).
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Figure 1.5 Conductivity Measurements of Aqueous Solutions with 2%, by Volume, of a Delivery Solvent.
SDS micelles in water are spherical at concentrations between the CMC and ten
times the CMC. Organic molecules and ions can be solubilized by the interior or on the
surface of these particles. This tends to swell the micelle, potentially changing such
parameters as the aggregation number, the CMC, and the shape of the micelle. If the
analyte concentration is kept low, these effects are less noticeable. The behavior of
analytes within micelles and emulsion particles can be studied with sensitive techniques
such as fluorescence spectroscopy.
1.3 Fundamentals ofPhotochemistry:
When discussing photochemical phenomena, like fluorescence, some fundamental
principles of atomic and molecular energy states must be addressed. Every atom or set of
atoms in a molecule has specific electronic states that have associated quantized energies.
The ground electronic state of an atom or molecule (So) corresponds to the most stable
state possible - the one that has the least chemical potential energy. Within a given
10
electronic state of a molecule, there is a series of vibrational states (S0,) that correspond
to different stretching or bending modes of atoms within the molecule. These vibrational
states arise from the motion of the nuclei of the molecule.
When a quantum of energy is absorbed, specific to a given atom or molecule, an
excited electronic state (Sn), or vibrational state (S0,n) occurs. In such an excited state, the
entire electronic configuration of an atom or molecule rearranges to accommodate the
absorbed light or kinetic energy, giving rise to an increase in chemical potential energy.
Like the ground state, there is a series of vibrational states within the excited electronic
state of a molecule (Sn,n). The excitation from a ground to an excited electronic state may
also be accompanied by a change in the vibrational state in molecules. For example:
S0,i + energy -> Si,2.
The process of electronic excitation occurs on a time scale (10~16-10~14 seconds)
much faster than that of nuclear motion (10"13-10~12 seconds).21As electronic excitation
occurs, there is not enough time for the nuclei of atoms within a molecule to change
significantly from the original ground state configuration. The only
"allowed"
or
probable electronic excitations include transitions that have similar nuclear
configurations. This general principle of molecular photochemistry is called the Frank-
Condon principle22.
In addition to the Frank-Condon principle, transition probabilities may also be
influenced by the spin state. In accordance with the Pauli exclusion principle, the ground
electronic state ofmost atoms or non-radical molecules must have all electrons paired in
orbitals such that there is no net spin. In other words, the spins of the two electrons in a
given occupied orbital must be opposite to one another. When energy is absorbed and an
11
atom ormolecule is promoted to an excited state, the new electron configuration retains
its original net spin of zero. Once in the excited state, one of several processes may cause
one of the electrons to reverse its spin. The new state formed is a triplet state (T). In this
state there are two electrons in different molecular orbitals with the same spin. Anytime
that an atom or molecule has no net spin it is said to be in the singlet state (S).
1.4 Fundamentals ofFluorescence:
Every ground state molecule can be irradiated with a characteristic wavelength of
light, X, that promotes the molecule into an excited electronic state. The energy
associated with an irradiating photon is a function of the wavelength (E = hc/A).
S0 + hc/X - Si.
When light is absorbed, the molecule takes on a less stable configuration. The excited
molecule spontaneously relaxes back to the more stable ground state, releasing the
absorbed energy. The majority of molecules release the excess energy as heat. However,
there are several classes of molecules that will release some of the absorbed energy as
light, rather than heat, when relaxing to the ground state:
Si -4 S0 + hcA,.
The release of light, upon irradiation, is luminescence. Luminescence can be
divided into two sub-groups: fluorescence and phosphorescence. By definition,
fluorescence is the emission of absorbed light when an excited state molecule relaxes to a
lower energy electronic state with the same spin. Any molecule that fluoresces is
referred to genetically as a fluorophore. Phosphorescence is the emission of light
accompanied by a transition of an excited triplet state molecule to a lower energy singlet
12
state. In some cases of fluorescence, the energy of excitation and emission are equal, but
in most cases, the energy of emission is lower than that of excitation. This phenomenon,
known as a Stokes shift, occurs because an excited state molecule releases some energy
as heat when it relaxes from one vibrational state to a lower energy vibrational state. The
energy that remains for luminescence is then less than the original energy of excitation.
Phosphorescence is always more Stokes-shifted than is fluorescence.
There are several competing relaxation pathways that an excited molecule may
take to reach the ground state. These pathways can be broken down into two groups,
luminescent and non-radiative (see Figure 1.6). The non-radiative transitions include:
vibrational relaxation, internal conversion (IC), external conversion (EC), intersystem
crossing (ISC), and in some cases dissociation
(D).23 Vibrational relaxation is a
spontaneous relaxation within an electronic state that does not effect possible radiative
relaxations. Internal conversion, an intramolecular phenomenon, occurs when vibrational
energy levels from different excited states are equal or nearly equal. This equality in
energy between different states allows spontaneous conversion between such electronic
states. Internal conversion from an excited state (Sn+i) to the lowest energy excited state
(Si) does not preclude a radiative process from the Si state to the ground electronic state,
So- External conversion, or collisional quenching, is an intermolecular process where an
excited state molecule transfers kinetic energy to either a solvent or another solute
molecule, heating up the surrounding medium. External conversion is reduced when the
temperature of a matrix is lowered or the viscosity of the environment is increased.
Lower temperatures and greater viscosity reduce the number of possible collisions in
solution, decreasing the probability that external conversion will occur. Intersystem
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crossing is a spontaneous flipping of the spin of a molecule between singlet and triplet
states. The flipping between singlet and triplet states is caused by the mixing of spin and
orbital momentum ofmolecules. Similar to internal conversion, intersystem crossing
most often occurs when vibrational energy levels of a molecule overlap. In the case of
intersystem crossing, however, the electronic state change is between a singlet and a
triplet state. Dissociation is a unique case where a photochemical excitation results in a
permanent cleavage of a chemical bond, and no relaxation to the original ground state is
observed.
Internal Conversion &-
External Conversion -
Fluorescence
Vibrational
> Relaxation
>o,i
'0,0
Ground Electronic
State
Singlet Excited
State
Triplet Excited
State
Figure 1.6 Jablonski Diagram: Luminescent and Non-Radiative Modes ofRelaxation for an Excited State
Molecule.
Kinetics determine whether a molecule luminesces or relaxes non-radiatively. In
all relaxation pathways, the energy difference between an excited and ground state
molecule is thermodynamically equivalent regardless of the pathway. Each relaxation
pathway can be characterized by a rate constant, k. It is only when the rate constant of
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fluorescence (kF) is significantly larger than that for all non-radiative transitions
(kic, kEc, kisc, ko) that a molecule noticeably fluoresces. It is also useful to deal with
lifetimes of fluorescence in some cases rather than rate constants. A lifetime, xF, is the
reciprocal of the rate constant for fluorescence. The lifetime describes how long an
excited state molecule takes to fluoresce to the ground state. Typical fluorescence
lifetimes range from 10"5 seconds to 10"8 seconds.
The intensity of fluorescence of a sample depends on the area of the sample that is
irradiated, the area of the detector exposed to the fluorescence radiation, and daily
fluctuations in the power of the excitation lamp. Therefore, it is not generally measured
absolutely. Accounting for instrumental factors, the fluorescence intensity can be related
to a quantum efficiency (<E>o). This efficiency is a measure of the likelihood that an
excited state species will relax via fluorescence. The quantum efficiency is a the ratio of
the rate of fluorescence to the summation of the rates of all possible relaxation
pathways22:
kF kF
0>0 = (3).
kF + kIC + kEC + kISC + kD k2
1.5 ClassicModels ofFluorescence Quenching
The intensity of fluorescence can be reduced if a species is added that introduces a
new non-radiative relaxation pathway for the fluorophore. This new pathway is
characterized by a rate constant, kq. Such a species that reduces fluorescence is referred
to as a quencher, Q. The effect of the quencher is to increase the summation of the rate
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constants for non-radiative transitions. The quantum efficiency in the presence of
quencher, Oq, becomes a function of the quencher molarity, [Q]:
*< = -kd^ra (4)-
When the ratio of the quantum efficiency in the absence and presence of quencher is
taken (eq 3/eq 4) the result is linearly dependent on quencher concentration:
*o / kF \ / kp \ "' / k, \
~^
=
[) x [-^^j - i+ (^J[Q1 <5-
This formulation is further refined by defining l/(ks) as the fluorescence lifetime in the
absence of quencher, To, and by combining the rate constant for quenching with the
fluorescence lifetime into a single term Ksv:
<D0
l+k,x0[Q] = 1+KSV[Q] (6)-
This treatment of quantum efficiencies is the famed Stern-Volmer model of
quenching. A plot of ^oA^q vs. [Q] is referred to as a Stern-Volmer plot. The Stern-
Volmer model, developed in 1919, assumes a diffusion controlled bimolecular interaction
between a quencher, and an excited state fluorophore, F :
F*+ Q
L-?
(F*
Q) ? F + Q + heat
with an associated rate constant kq equal to the rate constant for diffusion, kd. Essentially,
diffusion occurs on a timescale faster than the lifetime of the excited fluorophore. As a
result, there is a chance that a quencher and an excited state fluorophore will mix to form
a bimolecular complex before fluorescence takes place. If such a complex forms,
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quenching occurs. As the concentration of quencher is increased, there is a linear
increase in the likelihood that a quencher will diffuse close enough to an excited
fluorophore to cause quenching.
Deviations from the Stern-Volmer model are observed, especially in systems of
polymer films and latexes. Upward curvature is observed, rather than a simple linear
relationship between concentration and the ratio of quantum efficiencies. The Perrin
model, developed in the 1920's21, accounts for the curvature, observed in more rigid
matrices. In this model, the quencher and fluorophore are unable to move in space during
the lifetime of the excited state. The rate of fluorescence is much faster than the rate of
diffusion. This model is applied to systems where fluorophore and quencher are locked
in a rigid position, such as polymer films, or in confined spaces where diffusion is
difficult, such as latex particles. Quenching only occurs if the quencher is within an
effective radius from a ground state fluorophore during the moment of excitation. If the
quencher is within this 'quenching sphere', defined by the effective radius (Reff), a
ground state fluorophore that is excited will be quenched 100% of the time. If the
quencher is outside of this sphere, there is no chance of fluorescence quenching. The
Perrin model predicts the following linear relationship between quantum efficiency and
quencher concentration:
In lr) = VNA[Q] (7),
where V is the volume of the quenching sphere equal to 4/37t(Reff)3, and NA is
Avogadro's number.
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The Stern-Volmer model can be thought of as pure dynamic quenching, whereas
the Perrin model applies to totally static quenching. The exact mathematical function that
relates the concentration of quencher to the decrease in fluorescence efficiency yields a
great deal of information on the exact mechanism of quenching, and the relative locations
of quencher and fluorophore. The adherence to either a strict Stern-Volmer or Perrin
type model provides insight on the viscosity of the environment of the fluorophore and
quencher. However, a mixing of these two models may be needed to best describe some
results.
1 .6Mechanisms ofQuenching
In order for a quencher to reduce the fluorescence intensity, it must be within an
interaction distance of the fluorophore. There are several mechanisms by which a
quencher may act and each is associated with a range of interaction distances. The more
common mechanisms, and the related distances are itemized in Table
l.l.2
Table 1.1 Quenching Mechanisms and Maximum Interactive Distances
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Interaction Mechanism Interaction Distance
Dipole Coupling 10-100 A
Electron Exchange 4-15 A
Reabsorption As long as emission reaches
Electron Transfer 4-25 A
Exciplex Formation 4-15 A
Excimer Formation ~4A
Self-quenching 4-15 A
Chemical Bond Formation -2-4 A
Heavy Atom Effect ~4A
Regardless of whether the Stern-Volmer or Perrin model is used to interpret data,
the interaction distance represents the maximum intermolecular distance between
quencher and fluorophore for quenching to occur. Depending on the type of study that is
conducted, it is possible to pick a quencher-fluorophore pair to measure interparticle
interactions from 4A to 100A. Of particular interest are heavy atom quenchers. Such
molecules act to quench fluorescence over a relatively short distance, 4 A. They are
commercially available in a wide variety of chemical types, including: cations (Tl3+)25,
anions (Br") , and organic molecules (dibromomethane).27 Assuming the heavy atom is
within the interaction distance, it promotes electron spin/orbital flips within the
fluorophore. The rate of intersystem crossing is increased and excited state singlet
fluorophores are converted into the triplet state:
Si + Q -> Ti + Q.
Intersystem crossing is accompanied by a reduction in the intensity of fluorescence.
Non-radiative relaxations or phosphorescence increase in probability.
In aromatic systems, exciplex formation becomes important. Exciplex formation
occurs when a molecular orbital of an excited state fluorophore (F ) interacts with the
LUMO (lowest unoccupied molecular orbital) of another ground state species (E) to from
a short-lived complex (if the ground state molecule is the same as the fluorophore, the
complex is referred to as an excimer):
F*
+ E -> (F E)*.
When such a complex, or exciplex, forms, there is a transfer of charge from the excited
state fluorophore to the LUMO of the ground state species. This transfer is accompanied
by a cleaving of the complex and a new, lower energy, luminescent mode of relaxation:
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(F
E)*
- F + E + Energyreiax.
The new luminescence pathway may be a different mode of fluorescence or a new
phosphorescent radiation. Regardless of the relaxation pathway, the fluorescence of the
original excited state fluorophore is reduced. The specific mode of relaxation depends on
the photophysical properties of the ground state species, E. Aromatic compounds, in
particular, form exciplexes21 because the energies of the molecular orbitals between two
aromatic rings often overlap. The aromatic rings also provide a favorable geometry (see
Figure 1 .7) needed for exciplex formation. An exciplex can be identified by changes in a
fluorescence spectrum. In general, an exciplex spectrum is red-shifted, less intense,
peak-broadened, and structureless, relative to the spectrum of a lone
fluorophore.21'22
<S> <S>
Favorable exciplex
Overlap
Unfavorable exciplex
Overlap
Figure 1 .7 Optimal Geometry ofAromatic Compounds in the Formation ofExciplexes
1 .7Deviationsfrom Classical QuenchingModels: Quenching in HeterogeneousMedia
The Stern-Volmer and Perrin models need to be amended somewhat when dealing
with fluorescence in heterogeneous media, such as latexes and micelles. Fluorescence
quenching becomes more complex when a two phase system is considered. In a two
phase system it becomes important to characterize both phases, the partitioning of
analytes between the phases, the concentration of analytes within the dispersed phase, the
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accessibility of quencher and fluorophore between phases, and the diffusivity or packing
of analytes within a given phase.
In cases where Stern-Volmer plots give non-exponential upward curvature, a
mixing of the linear Stern-Volmer and the exponential Perrin model has been proposed29:
*- = l+Ksv[Q]eV[Q]NA (8).
^q
Here the quantity V represents the volume element of the Perrin model and the
exponential term accounts for the total static contribution. At low quencher
concentrations the exponential term can be expressed as (1 + Ka[Q]) where Ka is a
constant dependent on the quenching volume. The result of this substitution is:
<D0
I
= (l+Ksv[Q])(l+Ka[Q])=l + (Ka + Ksv)[Q] +
KaKsv[Q]2
(9).
^q
A revised explanation of upward curvature has been proposed by Ware, et al, for
solutions of relatively high viscosity. In this formulation, quenching is diffusion
controlled. However, a transient term is included in the rate constant for the collision of
quencher and excited fluorophore:
I i Reff \
kd(t) = 47tNReffD ( 1 + (7rDt)i/2 J (10).
In the expression,
N' is Avagadro's number per millimole, Reff is the effective quenching
distance, and D is the sum of the diffusion coefficients for the quencher and fluorophore.
Borrowing from the Perrin model, quenching will occur if a quencher is within the
effective radius of an excited fluorophore. In addition, unquenched excited state
molecules will be susceptible to diffusional quenching. The modified Stern-Volmer
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expression becomes:
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<J>0 /eV[Q]NA\
-
= (l+kqx0[Q])x ] (11),
where I(A,), derived in Ware'swork,29is a complex function of the time dependent
variable, kd(t).
A second consideration when developing a quenching model concerns the
quenching efficiency, y. If this efficiency is unity, non-radiative relaxation occurs every
time a quencher encounters an excited fluorophore. In such cases kd, the diffusional rate
constant, is equal to the quenching rate, kq. However, many fluorophore-quencher
complexes do not always result in deactivation of the excited state:
kd k
F + Q - (F Q) F + Q + heat
k-d
There is a kinetically limited deactivation of the quencher-fluorophore complex that
reduces the efficacy of the quencher, y. In all cases, the rate constants and quenching
efficiency are related as follows:
kq = Ykd (12).
The quenching efficiency, derived by Eftink and
Ghiron,32 is dependent on the diffusion-
limited rate constants (kd and k.d), the rate constant of quenching (kO, the quencher
concentration, and the fluorescence lifetime as follows:
ki
Y =
~ (13).
]q + k d + x0 + kd[Q]
When kj is much larger than all other terms in the denominator, the quenching efficiency
will equal one. However, if any of the other terms in the denominator have magnitudes
on the same order as ki? the quenching efficiency falls below one. If the kd[Q] term, in
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particular, is near in magnitude to ki; the efficiency will be a function of the concentration
of quencher, such that a downward Stern-Volmer curve would be observed with
increasing quencher concentration.
Downward curvature of Stern-Volmer plots is commonly observed in latex
solutions.
' ' ' In such cases, a saturation of quenching is observed. The saturation is a
consequence of the inaccessibility of fluorophore bound within the latex polymer.
Quenching is very efficient at low quencher concentration. As the concentration is
increased, <&o/frq reaches a maximum because all accessible fluorophore molecules
interact with at least one quencher. The remaining fluorophores are inaccessible to the
quencher, and are still able to absorb and emit light. The variation in the accessibility of
fluorophores creates a heterogeneously emitting system within a homogeneous local
environment.
Eftink and
Ghiron2
proposed a combined Stern-Volmer and Perrin formula that
describes the fluorescence quenching in a heterogeneously emitting system where two
regimes are defined, quenchable (a) and unquenchable (b):
<*>o [ 4 4
I"'
Oq [ (l+Ka[Q])(eVa[Q])
'
(l+Kb[Q])(eVb[Q])J (14)'
where fa and fb are equal to the fractions of fluorophore in each regime. Lehrer et.
al.1
proposed the following simplification that assumes no quenching in the
'b'
regime, and
that there is no Perrin-type quenching in the
'a'
regime so that Va = Vb = Kb = 0:
fro 1 1
+ T
~ (15).
*o.<->q faKa[Q] fa
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In this formulation, the fraction of fluorophore accessible to quenching, fa, and the Stern-
Volmer constant, Ka, is determined from a linear plot of the reciprocal quencher
concentration and fluorescence efficiencies.
Nakashima, et al.,29used the hindered access model to compare fluorescence
quenching of 1-pyrenemethanol in homogeneous aqueous solutions and polystyrene latex
dispersions. Tryptamine and tryptophan were used as quenchers that act through an
electron transfer mechanism. Quenching was observed in both solution and in latexes.
Classic Stern-Volmer quenching was observed in aqueous solution for quencher up to a
millimolar concentration. In the latex dispersion, saturation of quenching was observed
for micromolar concentrations of quencher. The efficiency of quenching was nearly
1000 times greater in the polystyrene latex, but the extent of quenching was limited by
the accessibility of quencher to the 1-pyrenemethanol molecules. The highly polar
quenchers and some of the hydrophobic 1-pyrenemethanol were adsorbed onto the latex
surface. The remaining fluorophore was driven to the hydrophobic core of the latex
particles. The core of the latex was inaccessible to the quencher, and thus quenching did
not occur at these sites. Using equation 15, the fraction of accessible fluorophore sites
within the latex system was determined to be 0.61.
Miyashita, et
al.,36
studied a quenching matrix that also operated under electron
transfer. In this system the fluorophore was an anionic vinylcarbazole terpolymer latex.
The fluorescence was quenched with methyl viologen cations that were attracted to the
negatively charged groups within the latex. Estimated latex particle diameters were 75
nm, measured from an electron micrograph. Saturation was observed for the associated
Stern-Volmer plots. The effect of varying the latex concentration was studied as the
24
concentration range of quencher was kept constant. As the concentration of fluorophore
labeled latex was decreased, the quenching efficiency increased because there was a
constant number of quenchers associating with an ever decreasing number of fluorophore
labeled latex particles.
The upward curvature, associated with mixed Stern-Volmer and Perrin models,
combined with downward curvature, due to quenching efficiency considerations and
fluorophore accessibility, result in a wide range of possible Stern-Volmer curves in
heterogeneous media. Quenching in simple solution matrices and micelle matrices must
be examined first, in order to best interpret quenching behavior within a latex.
Quenching results from simpler media give crucial information regarding fluorophore-
quencher interactions. These interactions are independent of fluorophore accessibility,
which becomes important when latexes are considered.
1.8 Fluorescence Quenching of9-Ethylcarbazole Species by 4-Iodotoluene Derivatives
Initially, carbon tetrabromide, a heavy atom quencher, was used to quench the
fluorescence of 9-ethylcarbazole. However, it soon became apparent that this quencher
undergoes photo-decomposition when exposed to ultra-violet
light37 in 1,4-dioxane.
Additionally, there is no polymer analog for this molecule. 4-Iodoaniline was also tried
as a quencher, but the presence of the electron pair on the amine group complicated the
fluorescence quenching. The amine group quenches fluorescence by electron
transfer,38
in addition to the heavy-atom iodo group quenching. This mixing of quenching modes
introduced unwanted complexity to the study.
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Based on those preliminary experiments, this study focuses on the use of a heavy
atom quencher, 4-iodotoluene, to quench the fluorescence of 9-ethylcarbazole in several
environments, ranging from single phase solutions, micelles, latexes, and polymer
solutions. Polymer analogs of both the quencher and fluorophore were synthesized for
this study. The polymer analogs (see Figure 1.8) included the copolymers: poly(styrene-
co-vinylcarbazole), poly[(methyl methacrylate)-co-vinylcarbazole],
poly[styrene-co-(N-
iodophenylmaleimide)], and poly[(methyl methacrylate)-co-(N-iodophenylmaleimide)].
These copolymers contained less than ten mole percent of the analytes of interest. The
major component was either styrene or methyl methacrylate.
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Figure 1.8 Diagram of Free 9-Ethylcarbazole and 4-Iodotoluene and a Polymer Analog of Each
Analyte.
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2. Experimental
Solvents. Deionized, distilled water, filtered through a Barnstead Nanopure
ultrapure water system was used in all syntheses and analyses. Organic solvents,
including chloroform, hexanes, 2-propanol, tetrahydrofuran and toluene were used as
received from Aldrich and Baker.
Reagents. All reagents (9-ethylcarbazole, 4-iodotoluene, sodium persulfate,
sodium acetate, maleic anhydride, and acetic anhydride) were purchased from Aldrich
and used as received including. Sodium dodecyl sulfate was obtained from ABN Prime
Research reagents.
Monomers. N-Vinylcarbazole was used as received from Aldrich. Styrene and
methyl methacrylate, purchased from Aldrich, were run through inhibitor removal
columns on the day of use. The columns remove free-radical trapping molecules that
prevent spontaneous polymerization. The styrene was run through a 10-15 ppm 4-tert-
butyl catechol column. The methyl methacrylate was passed through a 10-100 ppm
monomethylether hydroquinone column.
UV-vis absorbance spectrometer. A Hewlett Packard 8453 spectrophotometer
was used to carryout the earliest absorbance measurements. Unwanted photochemical
side-reactions were observed with this instrument in several matrices. The mode of
excitation of this single-beam, diode array detection instrument interacted with the
fluorescing analyte, and therefore was not used further. A Shimadzu CPS-240A
spectrophotometer gave reliable and consistent measurements, without altering the
analyte or the matrix. This instrument uses a double-beam detection method which
requires a lower intensity excitation beam.
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Fluorimeter. A Perkin Elmer LS50B luminescence spectrometer was used for all
fluorescence measurements. The detector is mounted at a 90 angle, relative to the
direction of the excitation beam. The instrument has two windows to control the area of
the sample and detector irradiated by the excitation and emission beam respectively. In
every experiment, the excitation window was set at 3.5 nm. There was a range of
emission window lengths used. The fluorescence intensity of 9-ethylcarbazole varied
from matrix to matrix. In order to obtain a signal within the detection limits of the
instrument for every matrix, the emission window was set anywhere from 3.5 nm to
8.0 nm. In all matrices the intensity of the fluorophore, without any quencher, was too
strong to detect directly. The instrument has a nominal 1% attenuation filter on the
emission side that in practice transmits 2.6% of the incident beam. This filter was used in
all quenching experiments too reduce the intensity of the emission beam.
Septum-top cuvettes were used for fluorescence measurements in simple
solutions. Nitrogen gas was bubbled through most solutions in each cuvette for three and
a halfminutes to expel oxygen. Solutions that contained SDS above the critical micelle
concentration and aqueous latex solutions were not purged.
Dynamic Light Scattering. The dynamic light scattering measurements were
carried out in Professor Kotlarchyk's laboratory, under his direction. An SP127-35 35
mW Helium-Neon laser (632.8 nm wavelength light) was used to carry out dynamic light
scattering measurements of latex particles. The latex solutions were analyzed in 12 mm
diameter cylindrical cuvettes housed in a Brookhaven Instruments BI-200SM
Goniometer version 2.0. Scattered light was detected with an EMI-9863 photomultiplier
tube, powered by a 0-3000 volt EG&G ORTEC high voltage power supply. The
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goniometer had a pool of decahydronaphthalene in the center and each cuvette was
placed in this pool. The index of refraction of decahydronaphthalene closely matched
that of the cuvette, and was used to reduce undesirable scattering effects at the cuvette-
analyte interface. Scattered light was detected at 90 u angles relative to the direction of
the laser beam directed through the sample. The scattered light was detected by the
photomultiplier tube. The detected light was manipulated by computer software to yield
hydrodynamic diameters of the dispersed particles in solution.
Latex solutions were diluted by a factor of 1000-5000 with deionized water and
the diluted samples were filtered twice through 0.22 jam acrodisc filters. In kinetic
studies of latexes, 0.5 milliliter aliquots were taken at periodic intervals throughout the
synthesis. The aliquots were diluted, filtered, and analyzed. The dilutions were not
quantitative.
Synthesis ofN-(4-Iodophenyl)maleamic acid, NIPMA. 3.5088 grams (0.03578 moles)
ofmaleic anhydride were dissolved in 33 mL of chloroform in a 100 mL round bottom
flask. The reaction mixture was chilled to 0-4C in an ice bath and stirred throughout the
reaction. Then, 7.8846 grams (0.03600 moles) of 4-iodoaniline were dissolved in 40 mL
of chloroform. The 4-iodoaniline solution was added drop-wise to the round bottom flask
over a period of 45 minutes. The reaction was stirred for an additional 30 minutes. A
bright yellow precipitate was collected on a sintered-glass filter and washed with water.
10.4083 grams (0.03282 moles) of pure product were recovered in 91.74% yield.
(melting point
179-181 C). The product was characterized by proton NMR
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spectroscopy. lK NMR (DMSO) 52.50 (s, 1H), 56.30 (t, 1H), 56.48 (d, 1H), 57.47 (d,
2H), 57.65 (d, 2H), 510.45 (s, 1H), (see Figure 2.1).
Synthesis ofN-(4-iodophenyl)maleimide, NIPMI.40 First, 2.0369 grams (0.006424
moles) ofNIPMA and 0. 1092 grams (0.001331 moles) of sodium acetate were added to
7.1 mL (0.07525 moles) of acetic anhydride. The reaction mixture was stirred and slowly
heated to ~65C with a heating mantle. At this point, the NIPMA totally dissolved to
yield a bright red solution. The solution was heated to 90C and then the heat source was
removed. The reaction was stirred for an additional 2 hours as it cooled to room
temperature. The reaction mixture was poured into an ice-water slurry. The slurry was
filtered in a sintered glass filter and washed with water. 1.7351 grams (0.005802 moles)
of pale yellow crystals were recovered in 90.31% yield, (melting point 155-156 C).
The product was characterized by proton NMR spectroscopy. JH NMR (CDC13) 56.83 (s,
2H), 57.1 1 (d, 2H), 57.78 (d, 2H), (see Figure 2.2).
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Synthesis of Polystyrene Latex. PS.41 0.2400 grams of sodium dodecylsulfate (8.322 x
10"
moles) and 0.0397 grams of sodium persulfate (1.667 x 10"4 moles) were dissolved in
25 mL of distilled water and 0.5 mL of 2-propanol. Nitrogen was bubbled through the
solution for 15 minutes. The solution was vigorously stirred and heated at 50-53 C
throughout the reaction. When the aqueous solution reached 50 C, 16 mL of styrene
(0. 1402 moles) were added drop-wise from a separatory funnel over a period of 40
minutes. The reaction mixture was stirred and heated for an additional 2 hours. 36 mL
of a single-phase milky white liquid were recovered. This product was placed in a sealed
bottle and stored in a refrigerator. The latex particles were measured using dynamic light
scattering. The average particle diametermeasured using dynamic light scattering
techniques was 104.8 1.5 nm.
Synthesis of PoMmethyl methacrylate) Latex, PMMA. 0.2430 grams of sodium
dodecylsulfate (8.426 x 10"4moles) and 0.0400 grams of sodium persulfate (1.680 x
10"4
moles) were dissolved in 25 mL of distilled water and 0.5 mL of 2-propanol. Nitrogen
was bubbled through the solution for 15 minutes. The solution was vigorously stirred
and heated at 50-53C throughout the reaction. When the aqueous solution reached
50 C, 15 mL ofmethylmethacrylate (0.1402 moles) were added drop-wise from a
separatory funnel over a period of 40 minutes. The reaction mixture was then stirred and
heated for an additional 2 hours. 35 mL of a single-phase milky white liquid were
recovered. The product was placed in a sealed bottle and stored in a refrigerator. The
latex particles were measured using dynamic light scattering. The average particle
diameter measured using dynamic light scattering techniques was 112.5 1.6 nm.
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Synthesis of Polv(stvrene-co-vinvlcarbazole) Latex. P(S-co-VnCz). 0.2481 grams of
sodium dodecylsulfate (8.603 x 10"4moles) and 0.0400 grams of sodium persulfate (1.680
x
10"4
moles) were dissolved in 25 mL of distilled water and 0.5 mL of 2-propanol.
Nitrogen was bubbled through the solution for 15 minutes. The solution was vigorously
stirred and heated at 50-53C throughout the reaction. 0.8846 grams (0.004578 moles) of
9-vinylcarbazole were dissolved in 10 mL of styrene (0.08728 moles) in a separatory
funnel. This monomer mixture was added drop-wise to the aqueous solution over 40
minutes. The reaction mixture was stirred and heated for an additional 2 hours. 34 mL
of a single-phase milky white liquid were recovered. The product was placed in a sealed
bottle and stored in a refrigerator. The latex particles were measured using dynamic light
scattering. The average particle diameter measured using dynamic light scattering
techniques was 82.0 1.2nm. Fluorescence measurements indicated the 9-vinylcarbazole
reactant was converted to the fluorescing polymeric form.
Synthesis of Polvr(methyl methacrylate)-co-vinylcarbazole1 Latex, P(MMA-co-
VnCz). 0.2386 grams of sodium dodecylsulfate (8.603 x
10"4
moles) and 0.0404 grams
of sodium persulfate (1.680 x
10"4
moles) were dissolved in 25 mL of distilled water and
0.5 mL of 2-propanol. Nitrogen was bubbled through the solution for 15 minutes. The
solution was vigorously stirred and heated to 51-53C throughout the reaction. 1.3514
grams (0.006993 moles) of 9-vinylcarbazole were dissolved in 14.2 mL of methyl
methacrylate (0.1327 moles) in a separatory funnel. The monomer solution was added
drop-wise to the aqueous solution over a period of 40 minutes. The reaction mixture was
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then stirred and heated for an additional 2 hours. 36.5 mL of a single-phase milky white
liquid were recovered. This product was placed in a sealed bottle and stored in a
refrigerator. The latex particles were measured using dynamic light scattering. The
average particle diameter measured using dynamic light scattering techniques was 106.9
1.5 nm. Fluorescence measurements indicated the 9-vinylcarbazole reactant was
converted to the fluorescing polymeric form.
Synthesis of Polvr(stvrene-co-(N-iodophenylmaleimide)l Latex, P(S-co-NIPMI).
0.2425 grams of sodium dodecylsulfate (8.409 x 10"4moles) and 0.0405 grams of sodium
persulfate (1.701 x 10"4 moles) were dissolved in 25 mL of distilled water and 0.5 mL of
2-propanol. Nitrogen was bubbled through the solution for 15 minutes. This solution
was vigorously stirred and heated at 50-53C throughout the reaction. Monomer was
added in two methods. 2.62 grams (0.008694 moles) ofNIPMI were added in five
increments of roughly 0.5 grams every 7 minutes. 14 mL of styrene (0. 1221 moles) were
continually added, drop-wise, from a separatory funnel. Upon addition ofmonomer, the
reaction mixture was stirred and heated for an additional 3 hours. 33.5 mL of a single-
phase milky white liquid were recovered. 3.5 mL of unreacted monomer were extracted
from the mixture. The product was placed in a sealed bottle and stored in a refrigerator.
The latex particles were measured using dynamic light scattering. The average particle
diameter measured using dynamic light scattering techniques was 76.7 1.1 nm.
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Synthesis of Polvr(methyl methacrvlate)-co-N-iodophenylmaleimide)l Latex,
P(MMA-co-NIPMD. 0.2401 grams of sodium dodecylsulfate (8.326 x 10"4moles) and
0.0414 grams of sodium persulfate (1.74 x 10"4 moles) were dissolved in 25 mL of
distilled water and 0.5 mL of 2-propanol. Nitrogen was bubbled through the solution for
15 minutes. The solution was vigorously stirred and heated to 51-53C throughout the
reaction. 2.6 grams (0.0088 moles) ofNIPMI were dissolved in 13.1 mL of methyl
methacrylate (0.123 moles) in a separatory funnel. The monomer solution was added
drop-wise to the aqueous solution over a period of 40 minutes. The reaction mixture was
then stirred and heated for an additional 2 hours. 33 mL of a single-phase milky white
liquid were recovered. The product was placed in a sealed bottle and stored in a
refrigerator. The latex particles were measured using dynamic light scattering. The
average particle diameter measured using dynamic light scattering techniques was 106.9
nm* 1.5 nm.
Extraction of Solid Polymer from Latex Solutions; A 40 mL volume ofmethanol was
poured slowly into 10 mL of a latex solution at room temperature. The mixture was
allowed to settle for 2 hours. The supernatant liquid was poured off and the wet, white
polymer product was transferred to a dry storage bottle. Filtration did not work to
separate the polymer because the solid product plugged any filter with an impermeable
coating. The product was dried in air for several hours and then in a vacuum oven
overnight. The dried product was stored in a desiccator for further use. Typically, 3-3.5
grams of polymer were recovered from 10 mL of latex solution.
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Preparation ofMicelle Solutions for Fluorescence Studies. 2mLof a 5.7 x 103M
solution of 9-ethylcarbazole in 2-propanol was added to 198 mL of aqueous SDS solution
having a concentration approximately one to fours times greater than the CMC (0.008 M
- 0.025 M). The resulting solution was divided into two separate 99 mL portions. 1 mL
of 2-propanol was added to one portion. 1 mL of 0.045 M 4-iodotoluene in 2-propanol
was added, dropwise, to the other. These two 100 mL aqueous solutions were 2% by
volume 2-propanol. Each solution had a 9-ethylcarbazole concentration of 5.7 x 10"5 M.
However, only one solution contained the quencher, 4-iodotoluene. The two solutions
were mixed together to produce a series of solutions constant in composition, except for
quencher concentration.
Preparation of Latex Solutions for Fluorescence Studies. A fluorescent latex was
diluted by a factor of approximately 3000 with aqueous SDS to make 100 mL of a new
solution that had a vinylcarbazole concentration of 5.7 x
10"5M and an SDS
concentration greater than the CMC. This solution was divided into two 49 mL portions.
1 mL of 2-propanol was added to one portion. 1 mL of 2.25 x
10"3 M 4-iodotoluene in 2-
propanol was added to the other. The two 50 mL solutions that were made were mixed to
create a series of eight solutions constant in composition except for the quencher
concentration.
Solubility ofAnalytes inMicellar Solutions
At 20 C, 9-ethylcarbazole and 4-iodotoluene were sparingly soluble in aqueous
solutions, including SDS solutions above the CMC. A saturated solution of aqueous
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9-ethylcarbazole was 1.6 x 10"5 M. The concentration of 4-iodotoluene was considerably
lower. To achieve the concentrations required for the quenching studies, 2-propanol was
used as a
'delivery'
solvent. The delivery solvent helps solubilize the probe molecules
without altering the photochemical properties of the matrix. Adding 2%, by volume, of
2-propanol to aqueous SDS and latex solutions increased the solubility of both the
quencher and fluorescent probe to achieve the desired concentrations. The presence of
2% 2-propanol did not significantly alter the polarity of the aqueous solution, however
the CMC of SDS was decreased. We found 2-propanol to be an ideal delivery solvent
because it was also used as the cosurfactant in the latex syntheses.
When using 2-propanol as a delivery solvent, it is imperative that 2-propanol
solutions of 4-iodotoluene or 9-ethylcarabzole be added slowly to larger, existing pools
of SDS solutions. The 2-propanol will not solubilize precipitates at the bottom of SDS
solutions. Nor will 2-propanol be effective if an SDS solution is added to the small
aliquots of the 2-propanol solutions. In the case of 4-iodotoluene, the order ofmixing
the 2-propanol and SDS solution is particularly important. The delivery solvent was not
able to solubilize the fluorophore and quencher in non-micellar aqueous environments.
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3. Results & Discussion
3.1 Preliminary Photophysical Results ofFluorophore and Quencher
The absorption and fluorescence spectra of 9-ethylcarbazole in hexanes are presented
in Figure 3.1. The concentration of 9-ethylcarbazole in Figure 3.1 represents the
approximate molarity of fluorophore used throughout the quenching experiments. The
greatest absorbance was the 294 nm band, which was the excitation wavelength used to
obtain the fluorescence spectrum. The energy associated with this band is due to
absorption from the ground electronic state to the second singlet excited state
(So,o > S2,o). The absorption bands at 330 nm and 347 nm are due to excitations from the
ground electronic state to the first excited state. The absorption transitions for 330 nm
and 347 nm are, respectively, (So,o> Si,i) and (S0,o> Si>0). The fluorescence spectrum,
in hexanes, consists of two bands at 346.5 nm and 362 nm. The 346.5 nm band was due
to the (Si,o > So,o) relaxation. The 362 nm band was due to the (Si,o> So,i) relaxation.
The 346.5 nm fluorescence band overlapped the absorption band at 347 nm. This overlap
introduced an element of complexity into the fluorescence measurements of the carbazole
species.
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Figure 3.1 Absorption and Fluorescence Spectra of 5.6 x lO* M 9-Ethylcarbazole in Hexanes
As the concentration of 9-ethylcarbazole was increased from 1 x 10"5M to
1x10"
M in hexanes, there was a shift in the dominant peak from 346.5 nm to
362 nm, as indicated in Table 3.1. As the concentration was increased above 1 x 10"4M
there was a dramatic change in the shape of the fluorescence spectra. The increase in
concentration was accompanied by a growth of fluorescence peaks at wavelengths of 385
nm, 400 nm, 421 nm, and 440 nm, at the expense of fluorescence peaks at 346.5 nm and
362 nm (see Table 3.1). At 1 x 10"7M, the spectrum consists of two peaks at 346.5 nm
and 362 nm, and a shoulder at 380 nm (see Figure 3.2). The spectrum at 1 x
10"1 M also
consists of two peaks and a shoulder at 400 nm, 421 nm, and 440 nm, respectively (see
Figure 3.2).
Table 3.1 Intensity of Fluorescence for Varyious Concentrations of 9-Ethycarbazole in Hexanes
Wavelength
(nm) lxlO"7M lxlO"6M lxl0"5M lxl0"4M lxl0"3M lxlO_2M lxl0"'M
346.5 869.7 5403.7 34395.2 27040.6 553.8 12.3 0.4
362 710.1 4408.5 30555.9 40513.7 5433.4 1156.6 6.2
400 62.0 368.9 2809.7 3626.4 1109.0 2091.4 798.0
421 15.3 66.2 486.1 844.2 373.1 1122.8 758.9
440 3.6 5.2 106.6 183.4 79.5 360.3 411.4
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Figure 3.2 Fluorescence Spectra for Varying Concentrations of 9-Ethylcarbazole in Hexanes
The phenomenon that caused this shift is re-absorption. Re-absorption occurs
when an excited state 9-ethylcarbazole molecule relaxes to the ground state via
fluorescence and the emitted photon is
'intercepted'
by another ground state molecule
before reaching the detector. This interception is a simple absorption process. The
absorption band at 347 nm that overlapped the fluorescence peak at 346.5 nm makes re-
absorption especially efficient in 9-ethylcarbazole.
An increase in the concentration of 9-ethylcarbazole beyond 1 x
10"5M leads to
self-quenching as well as re-absorption. As the concentration is increased, there is a
greater chance that a ground state 9-ethylcarbazole molecule is provided a non-radiative,
external conversion mode of relaxation for an excited state molecule. Self-quenching is
best demonstrated when comparing the 1 x
10"2 M and 1 x 10"1 M solutions. The
fluorescence intensity of the 440 nm peak is the same in both solutions even though re-
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adsorption is not expected to be important here and there is a ten-fold increase in
concentration.
The concentration range of 9-ethylcarbazole used throughout this study was 5.5 x
10 M 5.8 x
10"
M. This range was chosen to limit the effects of re-absorption and self-
quenching, while maximizing the fluorescence signal. This concentration range was also
within the upper detection limit of the absorption spectrometer, thus allowing for precise
concentration measurements.
The absorption behavior of 9-ethylcarbazole and 4-iodotoluene obeyed Beer's law
at 294 nm within the concentration ranges used in this study. The absorbance of
9-ethylcarbazole and 4-iodotoluene in 2-propanol were linearly related to concentration,
as seen in Figures 3.3 and 3.4.
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43
0.000 0.004 0.008
4-iodotoluene (M)
0.012 0.016
Figure 3.4 Beer's Law Plot of 4-Iodotoluene in 2-Propanol; Absorbance Measured at 294 nm
Also, as the concentration of 4-iodotoluene was increased in a solution of constant
9-ethylcarbazole concentration, typical Beer's law behavior was observed (see Figure
3.5). The upper limit of 4-iodotoluene concentration that was used in solution quenching
studies was determined by the total absorbance of the carbazole fluorophore and the
quencher. The combined absorbance was kept below 2 to ensure that concentrations
were readily calculated from absorbance data using a linear relationship.
0.001 0.002 0.003 0.004 0.005 0.006
4-iodotoluene (M)
0.007 0.008 0.009 0.01
Figure 3.5 Beer's Law Plot of 4-Iodotoluene in a 5.0 x
10"
M Solution of 9-Ethylcarbazole in 2-Propanol
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The fluorescence spectrum of 9-ethylcarbazole was affected by the polarity and
rigidity of the environment. In non-polar solvents, like hexanes, the spectrum was blue
shifted (see Figure 3.6). The shift in the fluorescence peak was a consequence of solvent-
fluorophore interactions. The excited state fluorophore was stabilized to varying degrees
by hexanes, 2-propanol, and toluene. The stabilizing effects of the polar solvent,
2-propanol, caused a red shift in the fluorescence spectrum. The red shift was due to a
decrease in the difference in energy of the ground and excited electronic states of the
fluorophore. As the fluorophore was excited, intramolecular charge separation occurred.
Polar solvent molecules organized around the charge-separated excited state molecule.
There was an increase in electrostatic intermolecular interactions between fluorophore
and the 2-propanol molecules. The total potential chemical potential energy of the
excited state fluorophore was then reduced. This stabilizing effect resulted in a smaller
energy difference between the ground and excited state. The fluorescence spectra of
carbazole species in micelles and latexes were susceptible to similar stabilizing effects,
depending on the polarity of the dispersed phase.
-2-propanol
Hexanes
Toluene
320 370 420
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Figure 3.6 Fluorescence Spectra of 5.6 x 10 M 9-Ethylcarbazole in 3 Solvents, All Purged with N2(g)
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The efficiencies of absorption and fluorescence were also solvent dependent (see
table 3.2). The molar absorptivity, or extinction coefficient, 8, is a measure of how
efficiently a molecule absorbs. This quantity is derived from a Beer's Law plot of
concentration [C] versus absorbance, A:
E =
b[C]
(16),
where b is the distance that the excitation beam travels through the sample before
reaching the detector. The fluorescence intensity is a measure that is dependent on both
the efficiency of absorption and fluorescence. The ratio of the fluorescence intensity and
the molar absorptivity gives a relative quantum efficiency of fluorescence, corrected for
differences in absorption in the solvents. According to the results in table 3.2, 2-propanol
provides the greatest relative fluorescence quantum yield. The fluorescence of 9-
ethylcarbazole in less polar solvents, hexanes and toluene, is less efficient.
Table 3.2 Absorption and Fluorescence Data for 9-Ethylcarbazole in Various Solvents
Solvent
Excitation
Wavelength (nm)
Extinction Coefficient, e
(cm"1*M"1)
Fluorescence
Intensity, FT
F,/e
(cm*M)
2-propanol 294 18309+/- 100 320.54 0.0186
Toluene 295 17000+/- 112 282.60 0.0166
Hexanes 293 21620+/- 74 353.09 0.0163
The effect of oxygen on the fluorescence intensity of any species is well
documented.42 The presence of dissolved oxygen promotes intersystem crossing within a
singlet excited state fluorophore (!F*), and subsequent non-fluorescent relaxation from
the triplet state.
l-c , 1/1F* + 302 -> 3F* + 102 -> 'F+'C^+heat.
The last column in Table 3.3 gives the ratios of the fluorescence maxima of
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9-ethylcarbazole after and before removing dissolved oxygen. The fluorescence ratio
was greatest in hexanes because oxygen is most soluble in this solvent, compared to
toluene and
2-propanol.43 In all solution matrices, the sample was purged of oxygen to
ensure that quenching was due solely to 4-iodotoluene.
Table 3.3 Effect ofNitrogen Purging on the Fluorescence of 9-Ethylcarbazole in Several Solvents
Solvent
Fluorescence
Wavelength
Fluorescence Intensity
w/o Nitrogen purge
Fluorescence Intensity
w/ Nitrogen purge Ratio
Hexanes 346.5 114.88 353.09 3.07
2-prop 350.5 191.65 320.54 1.67
Toluene 352.0 132.86 282.60 2.13
Hexanes 362.0 115.38 365.79 3.17
2-prop 366.0 189.69 319.36 1.68
Toluene 367.5 131.07 272.95 2.08
The fluorescence peaks of 9-ethylcarbazole in SDS solutions were further red-
shifted than the peaks in 2-propanol (Figure 3.7). The peaks were not greatly shifted as
the concentration exceeded the CMC, although the intensity increased. The red-shifting
was due to the polarity of the aqueous solution. Since the peaks did not blue-shift as a
consequence of crossing the CMC, it is assumed that the 9-ethylcarbazole resides in the
outer layer of the micelle. This
'palisade' layer is the region where the anionic head
groups of the surfactant and watermolecules are arranged. If the 9-ethylcarbazole had
been drawn into the hydrophobic micellar core, the peak would be blue-shifted above the
CMC, mimicking the fluorescence in hexanes. Above the CMC, the fluorescence
intensity increased. The increased intensity was due to the more immobile environment
of the palisade layer, compared to the continuous water phase. More immobile
environments reduce external conversions, thereby increasing the likelihood of
fluorescence.
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Figure 3.7 Fluorescence Spectra of -5.5 x 10"5 M 9-Ethylcarbazole in Aqueous 0.014 and 0.004M SDS
solutions and 2-propanol
The fluorescence spectra of the P(S-co-VnCz) and P(MMA-co-VnCz) latexes
were quite distinct from one another (Figure 3.8). The P(MMA-co-VnCz) spectrum is
very similar in shape and intensity to the spectrum of 9-ethylcarbazole. The
P(S-co-VnCz) latex spectrum, however, had a marked decrease in fluorescence intensity
accompanied by a broadening of the two fluorescence peaks into a single band. The
reduction in fluorescence intensity and peak broadening are indicative of exciplex
formation21'22 between the styrene and alkylcarbazole monomers within the copolymer
latex. The exciplex acts to quench the fluorescence of the carbazole species.
Experiments that used P(S-co-VnCz) had both a heavy-atom quenching component and
an exciplex quenching component.
Unlike all other carbazole species, the fluorescence spectra of P(S-co-VnCz) also
has a tail, clearly distinguishable, at 320 nm (Figure 3.8). The styrene component of the
copolymer latex fluoresced into and beyond 320 nm, which caused the appearance of the
tail. This fluorescence band stretched into the range of wavelengths where the carbazole
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species fluoresced. As the excitation wavelength was increased from 293 nm to 295 nm,
the intensity of fluorescence at 320 nm decreased more than 50%. The fluorescence
intensity increased 20%, at 360 nm. The change in excitation wavelength caused a
noticeable decrease in the polystyrene component of the fluorescence intensity and a less
dramatic increase in the fluorescence of polyvinylcarbazole. As the fluorescence of
styrene decreased, the fluorescence intensity at 360 nm became more truly a measure of
only polyvinylcarbazole fluorescence. The 295 nm excitation wavelength used in the
styrene copolymer experiments limited the effect of polystyrene fluorescence at 360 nm.
At the same time, the fluorescence intensity of the carbazole copolymer was maximized.
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Figure 3.8 Fluorescence Spectra of -5.5 x
10"5 Polyvinylcarbazole Copolymer Latex Solutions
The fluorescence spectrum (see Figure 3.9) of P(S-co-VnCz) extracted from the
latex solution and dissolved in tetrahydrofuran was slightly blue-shifted compared to that
of P(MMA-co-VnCz), which was similarly extracted. This shift mirrored the trend
observed in 9-ethylcarbazole in 2-propanol and hexanes. Increasing the polarity of the
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environment surrounding the polyvinylcarbazole species caused a reduction in the energy
gap between the ground and excited electronic states. In the case of the copolymers,
correcting for the solvent, it was clear that the fluorescence of the polymerized
vinylcarbazole was effected by the noncarbazole component of the copolymer. The polar
methyl methacrylate group stabilized the excited state of the alkylcarbazole better than
styrene.
The intensity of fluorescence was again greater in P(MMA-co-VnCz) than
P(S-co-VnCz) because of the quenching due to exciplex formation in the styrene
copolymer. The peak broadening was not as noticeable in the solution form of
P(S-co-VnCz), compared to the latex solution. This indicates that exciplex formation is
greater in the encapsulated latex environment than in the random coil of polymer
dissolved in THF.
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Figure 3.9 Fluorescence Spectra of -5.5 x
10"5 M P(S-co-VnCz) and P(MMA-co-VnCz) Copolymers
Reconstituted from Aqueous Latex Solutions and Dissolved in Tetrahydrofuran
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3.2 Quenching in Solution
The results of fluorescence quenching of 9-ethylcarbazole by 4-iodotoluene are
presented in the following tables. 2-propanol was the solvent used in Tables 3.4 - 3.6.
Table 3.4 provides absorption and fluorescence data collected for each sample. Table 3.5
includes intermediate concentration data of the quencher and 9-ethylcarbazole required
for Stern-Volmer and Perrin analyses. Table 3.6 shows the final results used to make
Stern-Volmer and Perrin plots.
Table 3.4 Raw Data: Absorbance and Fluorescence Measurements of 5.67 x 10 M 9-Ethylcarbazole and
Varying Concentrations of 4-Iodotoluene in 2-Propanol
Solution
Nominal
r4-iodotoluenel
(Molarity)
Absorbance
w/o N7(g)
(294 nm)
Absorbance
w/N,(e)
(294 nm)
Fluorescence
at 351 nm
Fluorescence
at 365 nm
1 0 0.9744 1.0020 632.51 644.49
2 0.002 1.1532 1.1678 485.29 490.70
3 0.004 1.3312 1.3504 364.19 372.97
4 0.006 1.4986 1.5084 280.67 291.01 j
5 0.008 1.6432 1.6733 224.56 232.31
6 0.010 1.8400 1.8427 168.64 177.17
There are two absorbance measurements for each solution that was analyzed. The
first measurement is used to quantitatively determine the concentration of both
9-ethylcarbazole and 4-iodotoluene in the original solution. The second measurement
determines the concentration of solutes after the reported fluorescence intensities in Table
3.5 were measured. The absorbance measurements were taken before and after each
solution was purged with nitrogen for three and a halfminutes. The nitrogen purge
expels a small amount of solvent, along with unwanted dissolved oxygen. The loss in
solvent causes a proportional increase in the absorbance of analytes in solution.
Fluorescence readings were taken after the nitrogen purge.
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Table 3.5 Intermediate Results 9-Ethylcarbazole Quenched by 4-Iodotoluene in 2-Propanol
Solution
Abs. Due to
4-iodotoluene.
before Ni
r4-iodotoluenel
Molarity.
before Ni
Percent
Increase in
Absorbance
r4-iodotoluenel
Molarity,
After N,
Percent of
Absorbance
due to 9-EtCz
i 0 0 2.83% 0 100.00%
2 0.1788 0.002024 1.27% 0.002050 84.50%
3 0.3568 0.004039 1.44% 0.004097 73.20%
4 0.5242 0.005934 0.65% 0.005972 65.02%
5 0.6688 0.007570 1.83% 0.007709 59.30%
6 0.8656 0.009798 0.15% 0.009812 52.96%
Before the nitrogen purge, every solution had an equal concentration of
9-ethylcarbazole. The first solution had no 4-iodotoluene, and each successive solution
had a greater quencher concentration, approximated by the nominal concentrations in
table 3.4. The absorbance of the first solution, Absi, 0.9744, was due solely to
9-ethylcarbazole. The absorbance of the first solution was subtracted from the total
absorbance of every successive solution, Absn to determine the component of the
absorbance due to the 4-iodotoluene, AbsQ:
AbsQ = Absn-Absi (17).
The absorbance due to the quencher and the molar absorptivity, e294nm,of the quencher in
2-propanol was used to determine precise initial concentrations of 4-iodotoluene, [Q];:
[Q]i = AbSQ/8294nm (18).
The increase in absorbance associated with the nitrogen purge, %Abs, is given by:
%Abs
Abs after N2 purge
Abs before N2 purge
1 x 100% (19).
The increase in the absorbance is proportional to the increase in the initial concentration
of 4-iodotoluene. The final concentration of 4-iodotoluene, [Q]f, is given by:
/ %Abs \
[Q]f = [Q]i i +
100%
(20).
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The percent of absorbance due to 9-ethylcarbazole, % Abs9.Etcz, was used to find the
'corrected fluorescence' of all samples that contain quencher. This percent was based on
the amount of absorbance that was due to 9-ethylcarbazole and the total absorbance
measured before the nitrogen purge:
% Abs9-Etcz = (Absi/Absn) x 100% (21).
This percent was maintained throughout the nitrogen purge because 9-ethylcarbazole and
quencher concentrations were increased proportionally as solvent was lost.
Table 3.6 Final Results: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 2-Propanol
Solution
Corrected
Fluorescence
(347 nm)
Corrected
Fluorescence
(362 nm)
q>o/<J>q
347 nm
<5o/<I>q
362 nm
ln(<3>o/<l>q)
347 nm
In(q>o/I>q)
362 nm
1 632.51 644.49 1.000 1.000 0.000 0.000
2 574.34 580.74 1.101 1.110 0.096 0.104
3 497.55 509.54 1.271 1.265 0.240 0.235
4 431.66 447.57 1.465 1.440 0.382 0.365
5 378.69 391.76 1.670 1.645 0.513 0.498
6 318.45 334.56 1.986 1.926 0.686 0.656
The quencher, 4-iodotoluene, reduced the intensity of the observed fluorescence
in two ways. The most obvious source of fluorescence damping was the heavy atom
effect. The second cause of reduced fluorescence was attributed to the absorption of
4-iodotoluene at 294 nm, the excitation wavelength used in the fluorescence readings. As
the quencher concentration was increased, there was an increase in the probability that an
excitation photon was absorbed by a quencher molecule rather than 9-ethylcarbazole.
The quencher acted as a concentration dependent filter that competed with the fluorescing
molecule to absorb excitation photons. This competition reduced the intensity of the
fluorescence excitation beam. Fortunately, the filtering effect was directly related to the
percent of the absorbance due to 4-iodotoluene measured with the absorption
spectrometer. The absorbance by 9-ethylcarbazole was corrected for so that any
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comparative decrease in the fluorescence was solely attributed to the heavy atom effect.
The corrected fluorescence, Fcorr, was calculated from the measured fluorescence, Fmeas,
as follows:
Frr = "meascorr
%Abs9.EtCz
x 100% (22).
Stern-Volmer and Perrin analyses required the corrected fluorescence intensity
ratios of a sample in the absence of quencher, F0, to solutions of a known quencher
concentration, FQ. If the concentration of the fluorescing species was constant, the Stern-
Volmer ratio (O0/Oq) is equal to:
$o F0
d> p
= l+kqx0[Q] (23).
Due to the nitrogen purge in this experiment, an added layer of complexity was
added to the treatment of the data. The nitrogen purge caused a non-uniform change in
the concentration of 9-ethylcarbazole. This fact was troublesome because a fluctuation in
this concentration resulted in corrected fluorescences that were functions of both
4-iodotoluene and 9-ethylcarbazole concentration. To account for the change in
9-ethylcarbazole concentration, quantum efficiencies of fluorescence, Quett-, were used.
The quantum efficiencies were ratios of the corrected fluorescence to the absorbance of
9-ethylcarbazole after the nitrogen purge:
Fx corr
QUeff = (Absj x (1 + %Abs))
( 4)'
This ratio normalized the fluorescence signal for 9-ethylcarbazole concentration.
The final Stern-Volmer ratio was the fluorescence efficiency in the absence of quencher,
Qu0, to the efficiency of a solution with a known quencher concentration, Quq:
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o Qu0
^q Quq
For Perrin plots, the natural log of the corrected intensity ratios was needed:
in( v)
=
'"(/)
= vna[qi (26)-
The Stern-Volmer and Perrin plots in Figures 3.10 and 3.11 are the result of
plotting the data from Tables 3.4-3.6 using equations 25 and 26. The two graphs indicate
that the quenching efficiencies at 351 nm and 365 nm were not equal. The mechanism of
quenching was the same at both 351 nm and 365 nm, and the efficiencies were expected
to be the same. This inequality was due to absorption by the quencher. The tail of the
absorption band of 4-iodotoluene stretched into the 350-365 nm region. The quencher
absorbed, to a small extent at 351 nm, and to an even smaller extent at 365 nm. This
difference in absorption caused a slight, but measurable, increase in apparent quenching
efficiency at 351 nm.
Subsequent Stern-Volmer and Perrin plots only represent the quenching at
365 nm. This was done to ignore any possible effects introduced by the absorption of
fluorophore emitted photons by quencher at the 350 nm band.
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Figure 3.11 Perrin Plot of 9-Ethylcarbazole Quenched by 4-Iodotoluene in 2-Propanol
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The treatment of data for hexanes in Tables 3.7-3.9 was the same as that
outlined for 2-propanol.
Table 3.7 Raw Data from Absorbance and FluorescenceMeasurements of 5.67 x 10"5
and Varying Concentrations of 4-Iodotoluene in Hexanes
M 9-Ethylcarbazole
Solution
Nominal
[4-iodotoluenel
(Molarity)
Absorbance
w/o Nile)
(294 nm)
Absorbance
w/N,(g)
(294 nm)
Fluorescence
at 362 nm
1 0 1.2281 1.2607 750.71
2 0.0018 1.4044 1.4267 503.34
3 0.0036 1.5636 1.5943 366.73
4 0.0054 1.7289 1.7743 272.70
5 0.0072 1.9015 1.9324 210.65
6 0.0090 2.0993 2.1317 152.83
Table 3.8 Intermediate Results: 9-Etllylcarbazole Quenched by 4-Iodotoluene in Hexanes
Solution
Abs. due to
4-iodotoluene,
before Ni
T4-iodotoluenel
Molarity,
before Ni
Percent Increase
in Absorbance
Percent of
Absorbance
due to 9-EtCz
1 0 0.000000 2.65% 100.00%
2 0.1763 0.001725 1.59% 87.45%
3 0.3355 0.003283 1.96% 78.54%
4 0.5008 0.004901 2.63% 71.03%
5 0.6734 0.006590 1.63% 64.59%
6 0.8712 0.008525 1.54% 58.50%
Table 3.9 Final Results: 9-Ethylcarbazole Quenched by 4-Iodotoluene in rlexanes
Solution
[4-iodotoluenel
Molarity,
After N,
Corrected
Fluorescence
(362 nm)
Corrected
Fluorescence
(362 nm)
Io/I
362 nm
ln(Io/I)
362 nm
1 0 750.71 750.71 1.000 0.000
2 0.001753 575.60 575.60 1.291 0.255
3 0.003348 466.92 466.92 1.597 0.468
4 0.005029 383.90 383.90 1.955 0.670
5 0.006697 326.16 326.16 2.279 0.824
6 0.008657 261.25 261.25 2.842 1.045
The treatment of data for quenching 9-ethylcarbazole by 4-iodotoluene in toluene
was different than that for 2-propanol and hexanes. In this matrix, the absorbance at
295 nm decreased when the solution was purged with nitrogen, despite an increased
concentration due to the loss of solvent. The addition of nitrogen or the removal of
oxygen, apparently created a new, unidentified carbazole species that had a reduced
molar absorptivity. This effect was observed in solutions with and without quencher and
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on both uv-vis spectrometers that were used. Because the change in absorbance was not
uniform, there was no way to precisely determine the change in concentration of
quencher due to loss of solvent. The average change in concentration based on the
2-propanol and hexanes experiments, 1.68% 0.79%, was used to estimate the percent
increase in the concentration of 4-iodotoluene. The percent of absorbance, %Abs>
attributed to the fluorophore was determined from the final concentration of
4-iodotoluene, [Qf], the molar absorptivity of 4-iodotoluene in toluene, 8295, and the total
absorbance after the nitrogen purge, Abstot:
%AU (Abs
. [Qf]e295)/0Abs = x 100%
Abs
(27).
tot
Table 3.10 Raw Data from Absorbance and FluorescenceMeasurements of 5.67 x 10"5M 9-Ethylcarbazole
and Varying Concentrations of 4-Iodotoluene in Toluene
Solution
Nominal
r4-iodotoluenel
(Molarity)
Absorbance
w/o Ni(g)
(294 nm)
Absorbance
w/N,(g)
(294 nm)
Fluorescence
Intensity
(367 nm)
1 0 0.9689 0.8468 558.02
2 0.002 1.1685 1.0200 440.16
3 0.004 1.3770 1.2073 336.90
4 0.006 1.5597 1.4122 266.34
5 0.007 1.7375 1.5724 214.72
6 0.009 1.9284 1.7759 165.61
Table 3.11 ntermediate Results: 9 -Ethylcarbazole Quenched by 4-Iodotoluene in Toluene
Solution
Abs. due to
4-iodotoluene,
before Ni
r4-iodotoluenel
Molarity,
before Ni
Percent
Change in
Absorbance
Percent of
Absorbance
due to 9-EtCz
1 0.000 0 -12.60% 100.00%
2 0.200 0.001854 -12.71% 80.10%
3 0.408 0.00379 -12.32% 65.63%
4 0.591 0.005486 -9.46% 57.46%
5 0.769 0.007137 -9.50% 50.30%
6 0.960 0.00891 -7.91% 45.06%
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Table 3.12 Final Results: 9-Ethylcarbazole Quenched by 4-Iodotoluene in Toluene
Solution
[4-iodotoluenel
Molarity,
After Ni
Corrected
Fluorescence
(367nm)
Io/I
367 nm
In(Io/I)
367 nm
1 0 558.02 1.0000 0.000
2 0.001885 549.50 1.0155 0.015
3 0.003853 513.34 1.0870 0.083
4 0.005579 463.51 1.2039 0.186
5 0.007257 426.89 1.3072 0.268
6 0.009060 367.50 1.5184 0.418
The anomalous results of the absorbance behavior of 9-ethylcarbazole in toluene
gave impetus for the examination of 9-ethylcarbazole in benzene. In benzene, the
absorbance of 9-ethylcarbazole drastically increased upon purging with nitrogen (see
Figure 3.12). Rather than increasing a percent or two as in the case of 2-propanol and
hexanes, the absorbance nearly doubled. It appears as though the aromatic rings on
9-ethylcarbazole interact in strong yet decidedly independent ways with the aromatic
solvents benzene and toluene. Exciplex formation may be one of several possible causes
of this interaction. This observation may provide some inspiration for further study, but
the effects are not within the scope and interest of this work.
Benzene before
Benzene after
Toluene Before
Toluene After
'280 300
"320"
340 360
Wavelength(nm)
400
Figure 3.12 Effect ofNitrogen Purging on the Absorption Spectra of 9-Ethylcarbazole in Benzene &
Toluene
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A mixed Stern-Volmer and Perrin model best described the quenching of
9-ethylcarbazole by 4-iodotoluene in hexanes. As documented in Figures 3.13 and 3.14,
neither hexanes plot yields a true straight line. Rather, a quadratic fit of the Stern-Volmer
plot and a sub-linear Perrin plot revealed that there is both a static and dynamic
contribution to the quenching mechanism. The Perrin plots for solutions in 2-propanol
and toluene are super-linear. The super-linearity is indicative of a more complex mode of
quenching. A bimolecular mechanism or exciplex effect may account for this added
complexity.
Regardless of the mechanism, the quenching in hexanes was considerablymore
efficient than in the other two solvents. This is attributed to the high diffusivity of
analytes in hexanes. Hexane was the least viscous of the solvents used and was expected
to give the greatest dynamic contribution to quenching. This observation was supported
by the shape of the nearly linear Stern-Volmer plot for hexanes. The small quenching
effect of 4-iodotoluene in toluene may be a consequence of exciplex formation.
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Figure 3.13 Stern-Volmer Plot of 9-Ethylcarbazole Quenched by 4-Iodotoluene in 2-Propanol, Hexanes,
and Toluene
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Figure 3.14 Perrin Plot of 9-Ethylcarbazole Quenched by 4-Iodotoluene in 2-Propanol, Hexanes, and
Toluene
3.3 Quenching 9-Ethylcarbazole in SDS solutions with 4-Iodotoluene
Two samples of 5.5 x 10"5 M 9-ethylcarbazole were prepared in aqueous 0.024 M
SDS with two percent 2-propanol. The only variable between the two solutions was the
water used to prepare the samples. One solution was prepared with distilled water, the
other solution contained water heavily purged with nitrogen. The absorbance of the
distilled water and nitrogen purged solutions was 0.8339 and 0.8383, respectively. The
fluorescence of each sample was measured twice, with and without a nitrogen purge.
From the result in Figure 3.15, it was clear that dissolved oxygen does not affect the
fluorescence intensity of 9-ethylcarbazole in SDS solutions above the CMC. Similar
results were observed in latex solutions.
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Figure 3.15 Effect ofNitrogen Purging on the Fluorescence of 9-Ethylcarbazole in a Solution of SDS
Above the Critical Micelle Concentration
The data analysis of the fluorescence quenching of 9-ethylcarbazole in SDS
solutions was simpler than for the solution matrix analyses. A nitrogen purge was not
necessary so only one absorption and fluorescence spectrum was recorded for each
sample. The concentration of quencher used in micelle matrices was much lower than
that used in simple solution matrices and there was not a large enough change in
absorbance, at the fluorescence excitation wavelength, to accurately measure the 4-
iodotoluene concentration. The concentration of quencher was calculated based on the
absorbance at 280 nm rather than at the excitation wavelength. The absorbance of
quencher, AbsQ, in each micelle solution was calculated by subtracting the absorbance
due to 9-ethylcarbazole at 280 nm from the total absorbance at 280 nm.
The concentration of quencher in solution nine, [Q]9, was determined from the
original 2-propanol solution prepared in the lab, that was diluted by a factor of fifty:
mass 4-iodotoluene
[Q]s p/vV. 4-iodotoluene x mL 2-propanol x 50mL
(28).
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The concentration of 4-iodotoluene in other solutions, [Q]n, was calculated based on the
absorbance of quencher in solution nine, AbsQ9, and the absorbance of quencher in each
solution, AbsQn:
[Qln [Q]9
x AbsQn
AbsQ9
(29).
The Stern-Volmer ratios used in the calculations with micelles were calculated using
equation 23 rather than 25. The simpler form was used because there was no nitrogen
purge. The concentration of 9-ethylcarbazole was equal and kept constant for all SDS
solution experiments.
Table 3.13 ]Raw Data: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 0.0091 M SDS
Solution
Nominal
r4-iodotoluenel
(Molarity)
Total
Absorbance
@ 295 nm
Total
Absorbance
@ 280 nm
Absorbance
OfOuencher
@ 280 nm
Fluorescence
368 nm
1 0 0.8344 0.3260 0 804.73
2 3.0 x 10"5 0.8441 0.3365 0.0105 693.28
3 8.0 x lO"5 0.8492 0.3523 0.0263 575.77
4 1.1 xlO"4 0.8505 0.3631 0.0371 499.77
5 1.8 xlO"4 0.8557 0.3834 0.0574 430.23
6 2.0 x 10'4 0.8569 0.3973 0.0713 371.71
7 2.8 x 10"4 0.8639 0.4154 0.0894 325.19
8 4.0 x 10"4 0.8841 0.4531 0.1271 265.41
9 4.5 x 10"4 0.8800 0.4742 0.1482 235.13
The corrected fluorescence and subsequent <3>o/<&q ratios were calculated in the
same manner as that used in simple solutions. The percent of absorbance of
9-ethylcarbazole used to calculate the corrected fluorescence is based on the absorbance
at the excitation wavelength, 295 nm.
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1 able 3.14 1-inal Results: 9-Ethylcaibazole by Quenched by 4-Iodotoluene in 0.0091 M SDS
Solution
Calculated
[4-iodotoluenel
(Molarity)
Corrected
Fluorescence
368 nm
Io/I
368 nm
In(Io/I)
368 nm
1 0 804.73 1.000 0
2 3.25 x 10 701.34 1.147 0.138
3 8.14 x 10"5 585.98 1.373 0.317
4 1.15 xlO"4 509.41 1.580 0.457
5 1.78 xlO'4 441.21 1.824 0.601
6 2.22 x 10-4 381.73 2.108 0.746
7 2.77 x 10"4 336.69 2.390 0.871
8 3.93 x 10-4 281.22 2.862 1.051
9 4.59 x 10"4 247.98 3.245 1.177
The following six tables are fluorescence quenching results of 9-ethylcarbazole in
SDS solutions of varying concentrations. The calculations and analyses were the same as
those followed in Tables 3.13 and 3.14.
Table 3.15 1Raw Data: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 0.0144 M SDS
Solution
Nominal
r4-iodotoluenel
(Molarity)
Total
Absorbance
@ 295 nm
Total
Absorbance
@ 280 nm
Absorbance
Of Ouencher
@ 280 nm
Fluorescence
368 nm
1 0 0.8614 0.3133 0.0000 838.81
2 1.0xlO"4 0.8755 0.3579 0.0446 689.19
3 1.5 x 10"4 0.8795 0.3884 0.0751 574.59
4 2.5 x 10"4 0.8899 0.4329 0.1196 484.14
5 3.5 x 10"4 0.8963 0.4772 0.1639 411.50
6 4.5 x 10"4 0.9093 0.5199 0.2066 354.83
7 5.5 x 10"4 0.9269 0.5629 0.2496 305.12
8 7.5 x 10-4 0.9324 0.6440 0.3307 244.14
9 9.0 x
10"4 0.9558 0.7255 0.4122 196.12
Table 3.16 Final Results: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 0.0144 M SDS
Solution
Calculated
r4-iodotoluenel
Molarity
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
ln(Io/I)
368 nm
1 0 838.81 1.000 0
2 9.82 x
10"5 700.47 1.197 0.180
3 1.65 x
10"4 586.66 1.430 0.358
4 2.63 x
10-4 500.16 1.677 0.517
5 3.61 x
10"4 428.17 1.959 0.672
6 4.55 x
10"4 374.56 2.239 0.806
7 5.50 x
10"4 328.32 2.555 0.938
8 7.28 x
10"4 264.26 3.174 1.155
9 9.07 x
10"4 217.61 3.855 1.349
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Table 3. 17 Raw Data: 9-Ethylcarbazole Ouenched bv 4-Iodotoluene in 0.0213 M SDS
Solution
Nominal
[4-iodotoluenel
Total
Absorbance
@ 295 nm
Total
Absorbance
@ 280 nm
Absorbance
Of Ouencher
@ 280 nm
Fluorescence
368 nm(Molarity)
1 0 0.8716 0.3084 0 873.96
2 1.0xlO4 0.8799 0.3501 0.0417 754.31
3 1.7 x Iff4 0.8894 0.3837 0.0753 675.87
4 2.5 x 104 0.8956 0.4161 0.1077 596.91
5 3.3 x 10"4 0.9029 0.4551 0.1467 532.92
6 4.3 x 104 0.9096 0.4948 0.1864 476.77
7 5.0 x 104 0.9173 0.5253 0.2169 430.94
8 6.5 x 10"4 0.9276 0.5909 0.2825 356.25
9 9.0 x 10"4 0.9501 0.7029 0.3945 270.33
Table 3.18 Final Results: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 0.0213 M SDS
Solution
Calculated
r4-iodotoluenel
(Molarity)
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
ln(Io/I)
368 nm
1 0 873.96 1.000 0
2 9.59 x lO-5 761.49 1.148 0.138
3 1.73 x 104 689.67 1.267 0.237
4 2.48 x 104 L 613.35 1.425 0.354
5 3.37 x 104 552.06 1.583 0.459
6 4.29 x 10"4 497.56 1.757 0.563
7 4.99 x 104 453.54 1.927 0.656
8 6.50 x 104 379.14 2.305 0.835
9 9.08 x 10"4 294.68 2.966 1.087
Table 3.19 Raw Data: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 0.0278 M SDS
Solution
Nominal
r4-iodotoluenel
(Molarity)
Total
Absorbance
@ 295 nm
Total
Absorbance
@ 280 nm
Absorbance
OfOuencher
@ 280 nm
Fluorescence
368 nm
1 0 0.8928 0.3273 0 870.06
2 1.5 x
10"4 0.8962 0.3828 0.0555 739.42
3 3.5 x
104 0.9278 0.4632 0.1359 587.49
4 5.0 x
104 0.9334 0.5311 0.2038 503.61
5 7.0 x
104 0.9392 0.5949 0.2676 435.26
6 9.0 x
10"4 0.9570 0.6665 0.3392 381.46
7 1.0
xlO4 0.9821 0.7447 0.4174 321.11
8 1.5 x
104 1.0088 0.8927 0.5654 255.54
9 2.0 x
10"4 1.0396 1.0414 0.7141 199.41
Table 3.20 Final Results: 9-Ethylcarbazole Quenched by 4-Iodotoluene in 0.0278 M SDS
Solution
1
Calculated
r4-iodotoluenel
(Molarity)
0
1.43 x 10
3.49 x
104
5.24 x 10
7T
6.88 x 10
8.72 x
10''
1.07 x
10"'
Corrected
Fluorescence
(368 nm)
870.06
742.24
610.52
526.51
457.88
408.89
353.23
Io/I
368 nm
1.000
1.172
1.425
1.652
1.900
2.128
2.463
lndo/I)
368 nm
0
0.159
0.354
0.502
0.642
0.755
0.901
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8 1.45xlO4 288.74 3.013 1.103
9 1.84 x 104 232.20 3.747 1.321
The fluorescence quenching of 9-ethylcarbazole by 4-iodotoluene, in SDS
micelles, exhibited a mix of Stern-Volmer and Perrin models (see Figures 3.16 and 3.17),
much like the solution matrices. However, the quenching in the SDS matrix was much
more efficient. The efficiency was increased because the fluorophore and quencher were
each driven to the interior of the micelles. The total volume of all micelles is a less than
1 percent of the volume of the entire solution. The presence ofmicelles significantly
increased the local concentration of quencher surrounding 9-ethylcarbazole molecules.
? 0.0091 M SDS
0.0145M SDS
A0.0216MSDS
0.0278M SDS
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
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Figure 3.16 Stern-Volmer Plot of 9-Ethylcarbazole Quenched by 4-Iodotoluene in Solutions of SDS
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Figure 3.17 Perrin Plot of 9-Ethylcarbazole Quenched by 4-Iodotoluene in Solutions of SDS
The quenching efficiency was highly dependent on the concentration of SDS. At
a concentration of 0.01M SDS, the micelle concentration was approximately 2 x 10"4M.
The concentration of 9-ethylcarbazole, 5.5 x
10"
M, was a factor of four below this and
the maximum quencher concentration, 0.002 M was a factor of ten greater. Controlling
for fluorophore and quencher concentrations, as more SDS was added to a solution, the
likelihood increased that a fluorophore resided in a micelle that contained no quencher.
The consequence of this reduction in fluorophore-quencher interaction was reduced
quenching efficiency.
The relationship between quenching efficiency and the SDS concentration was
not linear (as seen in Figure 3.18). The effect of SDS concentration on the efficiency was
reduced as the concentration was increased. An estimated quenching efficiency was
measured from the region of the Stern-Volmer plot where the quencher concentration was
below 0.0004 M. Below this concentration, the plot was fairly linear, and the Stern-
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Volmer slope could be calculated for different SDS concentrations. As the SDS
concentration was increased the aggregation number of each micelle increased (equation
2). The concentration ofmicelles within the solution increased at a slower rate than the
increase in SDS concentration (see equation 1). As the SDS concentration was increased,
the effect on the quenching efficiency became less pronounced. The exponential decay in
Figure 3.18 fits a Poisson distribution of quencher and fluorophore throughout a micellar
solution, taking into account the change in SDS concentration and aggregationnumber.44
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Figure 3.18 Effect of the SDS Concentration on the Stern-Volmer Slope for 9-Ethylcarbazole Quenched by
4-Iodotoluene
3.4 Quenching 9-Ethylcarbazole with Latex Bound Quencher: P(S-co-NIPMI)
A nitrogen purge had no noticeable effect on the fluorescence of latex solutions.
This was true regardless of whether the fluorophore was bound as part of the latex or if
the fluorophore was in the monomer form of 9-ethylcarbazole. The data analysis of the
quenching of 9-ethylcarbazole by P(S-co-NIPMI) was similar to the SDS analysis. The
absorbance wavelength used to measure quencher concentration was 277.5 nm. The
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change in absorbance at this wavelength was very similar to the change at the excitation
wavelength.
The concentration of quencher in solution nine, [Q]9, was determined from the
original P(S-co-NIPMI) latex solution prepared in the lab that had a NIPMI concentration
of 0.62 M. The original latex solution was diluted by a factor of 5000 in a two step
dilution. The concentration of quencher in other solutions, [Q]n, was calculated with the
same method from equation 29. The remainder of the data analysis, reported in Tables
3.21 - 3.28, was determined following the steps outlined in the SDS analysis.
Table 3.21 Raw Data: 9-Ethylcarbazole Quenched by P(S-co-NTPMI) Latex in 0.0091 M SDS
Solution
Nominal
TPNIPMI1
(Molarity)
Total
Absorbance
@ 295 nm
Percent
Absorbed by 9-
EtCz
Absorbance
OfOuencher
@ 277.5 nm
Fluorescence
368 nm
1 0 0.8047 100.00% 0.0000 784.74
2 1.5 x 10"' 0.8437 95.38% 0.0390 706.32
3 2.5 x 10"5 0.8651 93.02% 0.0604 611.23
4 4.5 x 10'5 0.9065 88.77% 0.1018 568.21
5 5.0 x Iff' 0.9290 86.62% 0.1243 493.70
6 6.5 x 10"5 0.9625 83.61% 0.1578 455.32
7 8.0 x 10 0.9928 81.05% 0.1881 405.26
8 1.0xlO"4 1.0456 76.96% 0.2409 333.01
9 1.2 x 104 1.0957 73.44% 0.2910 273.50
Table 3.22 Final Results: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in 0.0091 M SDS
Solution
Calculated
TNIPMI1
(Molarity)
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
ln(Io/I)
368 nm
1 0 784.74 1.000 0.000
2 1.61 x 10"5 740.55 1.060 0.058
3 2.63 x
Iff5 657.11 1.194 0.178
4 4.41 x
10 640.09 1.226 0.204
5 5.29 x
10"' 569.96 1.377 0.320
6 6.68 x
Iff' 544.61 1.441 0.365
7 8.02 x
10"5 499.99 1.570 0.451
8 1.03
xlO"4 432.70 1.814 0.595
9 1.18
xlO4 372.40 2.107 0.745
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Table 3.23 Raw Data: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in 0.0103 M SDS
Solution
Nominal
TPNIPMI1
(Molarity)
Total
Absorbance
@ 295 nm
Percent
Absorbed bv 9-
EtCz
Absorbance
OfOuencher
@ 277.5 nm
Fluorescence
368 nm
1 0 0.8325 100.00% 0.0000 801.13
2 1.1 x 10 0.8482 98.15% 0.0737 736.56
3 2.5 x 10 0.8808 94.52% 0.1687 628.14
4 3.7 x 10 0.9045 92.04% 0.2529 591.59
5 5.0x10 0.9384 88.71% 0.3414 534.96
6 6.5 x 10 0.9653 86.24% 0.4276 491.37
7 7.5 x 10 0.9907 84.03% 0.5170 443.43
8 1.0x10 1.0405 80.01% 0.6863 370.51
9 1.2x10 1.1108 74.95% 0.8598 297.74
Table 3.24 Final Results: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in ().0103 M SDS
Solution
Calculated
TPNIMPIl
(Molarity)
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
ln(Io/I)
368 nm
1 0 801.13 1.000 0.000
2 1.08 x 10 750.45 1.068 0.065
3 2.48 x 10 664.58 1.205 0.187
4 3.72 x 10 642.75 1.246 0.220
5 5.02 x 10 603.01 1.329 0.284
6 6.29 x 10 569.75 1.406 0.341
7 7.60 x 10 527.70 1.518 0.418
8 1.01 x 10 463.08 1.730 0.548
9 1.26x10 397.27 2.017 0.701
Table 3.25 Raw Data: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in 0.0171 M SDS
Solution
Nominal
TPNIPMI1
Molarity
Total
Absorbance
@ 295 nm
Percent
Absorbed by
9-EtCz
Absorbance
Of Ouencher
@ 277.5 nm
Fluorescence
368 nm
1 0 0.8495 100.00% 0.0000 839.70
2 1.2x10 0!8625 98.49% 0.0849 762.18
3 2.4 x 10 0.8934 95.09% 0.1640 713.56
4 3.8 x 10 0.9239 91.95% 0.2544 639.60
5 4.8 x
10 0.9468 89.72% 0.3257 609.67
6 6.0 x
10 0.9814 86.56% 0.4099 539.85
7 7.5 x
10 1.0045 84.57% 0.5080 515.88
8 9.6 x
10 1.0551 80.51% 0.6533 434.01
9 1.2
xlO4 1.1259 75.45% 0.8362 381.11
Table 3.26 Final Results: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in 0.0171 M SDS
Solution
I
TQuenchl
0
1.25x10
2.41 x
10
3.74 x
10
4.79 x
10
6.03 x
10
7.47 x
10
Corrected
Fluorescence
(368 nm)
"
839.70
773.84
750.43
695.62
679.50
623.67
610.01
Io/I
368 nm
1.000
1.085
1.119
1.207
1.236
1.346
1.377
ln(Io/I)
368 nm
0
0.082
0.112
0.188
0.212
0.297
0.320
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8 9.61 x 10 539.05 1.558 0.443
9 1.23 xlO4 505.11 1.662 0.508
table 3.27 Raw Data: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in 0.0281 M SDS
Solution
Total
Absorbance
@ 295 nm
Percent
Absorbed bv
9-EtCz
Absorbance
OfOuencher
@ 277.5 nm TOuenchl
Fluorescence
368 nm
1 0.8554 100.00% 0.0000 0 825.9
2 0.8906 96.05% 0.1345 1.98x10 755.88
3 0.9185 93.13% 0.1923 2.83 x 10 712.61
4 0.9451 90.51% 0.2756 4.05 x 10 657.14
5 0.9718 88.02% 0.3483 5.12 x 10 614.81
6 1.0000 85.54% 0.4418 6.50 x 10 576.38
7 1.0222 83.68% 0.5147 7.57 x 10 530.00
8 1.0781 79.34% 0.6919 1.02xlO4 471.30
9 1.1173 76.56% 0.7545 1.11 xlO4 441.10
Table 3.28 Final Results: 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in 0.0281 M SDS
Solution
Calculated
fPNIPMIl
(Molarity)
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
ln(Io/I)
368 nm
1 0 825.90 1.000 0
2 1.98 x 10 786.98 1.049 0.048
3 2.83 x 10 765.18 1.079 0.076
4 4.05 x 10 726.05 1.138 0.129
5 5.12 x 10 698.47 1.182 0.168
6 6.50 x 10 673.81 1.226 0.204
7 7.57 x 10 633.35 1.304 0.265
8 1.02xlO4 594.00 1.390 0.330
9 1.11 x 104 576.15 1.433 0.360
The quenching of 9-ethylcarbazole in a quencher labeled latex, P(S-co-NIPMI),
exhibited classic Perrin model quenching (see Figure 3.20). The quencher was locked
into a rigid, fixed position within the latex. 9-ethylcarbazole molecules that diffused into
a latex particle were then held within the styrene based copolymer. Once the
9-ethylcarbazole diffused into the latex particles, typical static quenching took place. The
9-ethylcarbazole was delivered in a solution of SDS, and the concentration of SDS
affected the efficiency of the diffusion of 9-ethylcarbazole into a quencher labeled latex.
The efficiency of quenching was quite high. An approximate concentration of 0.0001 M
NIPMI within the P(S-co-NIPMI) latex was sufficient to quench most of the fluorescence
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signal. This concentration may include quencher molecules buried in the interior of the
micelle, inaccessible to fluorophore.
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Figure 3.19 Stern-Volmer Plot of 9-Ethylcarbazole Quenched by P(S-co-NIPMI) Latex in Solutions of
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Figure 3.20 Perrin Plots of 9-Ethylcarbazole Quenched by P(S-co-NIPMI) in Varying SDS Concentrations
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3.5 Quenching P(S-co-VnCz) Latex with 4-Iodotoluene
The treatment of data for the quenching of P(S-co-VnCz) latex by 4-iodotoluene
(see Tables 3.29 - 3.36) was the same used in the treatment of data from the quenching of
9-ethylcarbazole by 4-iodotoluene in solutions of SDS. The concentration of quencher
was determined in the same fashion, as was the determination of Stern-Volmer ratios.
The concentration of carbazole was determined from the dilution of the original
latex solution prepared in the lab and the fluorescence spectra of the diluted solution
without quencher. The ratio of the peaks at 352 nm and 365 nm (1.02:1) indicate that the
carbazole concentration is approximately 5.3 x
10"5 M.
Table 3.29 Raw Data: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.0087 M SDS
Solution
Nominal
r4-iodotoluenel
(Molarity)
Total
Absorbance
@ 295 nm
Percent
Absorbed by
9-EtCz
Total
Absorbance
@ 282 nm
Absorbance
OfOuencher
@ 282 nm
1 0 0.7706 100.00% 0.9351 j 0.0000
2 4.80 x 10 0.7703 100.04% 0.9601 0.0250
3 6.22 x 10 0.7681 100.33% 0.9675 0.0324
4 1.12 x 104 0.7791 98.91% 0.9937 0.0586
5 1.62xlO"4 0.7845 98.23% 1.0194 0.0843
6 2.31 x 104 0.7932 97.15% 1.0551 0.1200
7 2.73 x
104 0.8111 95.01% 1.0773 0.1422
8 4.92 x 104 0.8679 88.79% 1.1914 0.2563
9 5.07 x 104 0.8636 89.23% 1.1993 0.2642
Table 3.30 Final results: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.0087 M SDS
Solution
Calculated
r4-iodotoluenel
(Molarity)
Fluorescence
368 nm
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
1 0 761.23 761.23 1.000
2 4.80 x
10 462.11 461.93 1.648
3 6.22 x
10 382.58 381.34 1.996
4 1.12
xlO"4 336.59 340.30 2.237
5 1.62 x
Iff4 288.96 294.17 2.588
6 2.31 x
10"4 276.25 284.35 2.677
7 2.73 x
10'4 242.92 255.69 2.977
8 4.92 x
104 193.61 218.06 3.491
9 5.07 x
10~4 183.69 205.86 3.698
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Table 3.31 Raw Data: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.01487 M SDS
Table 3.32 Final Results: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.01487 M SDS
Solution TOuenchl
Total
Absorbance
@ 295 nm
Percent
Absorbed bv
9-EtCz
Total
Absorbance
@ 282 nm
Absorbance
Of Ouencher
@ 282 nm
1 0 0.7606 100.00% 0.9330 0
2 8.95 x 10 0.7741 98.26% 0.9574 0.0244
3 1.51 xlO"4 0.7563 100.57% 0.9743 0.0413
4 2.62 x 104 0.7708 98.68% 1.0045 0.0715
5 2.77 x Iff4 0.7756 98.07% 1.0085 0.0755
6 2.91 x Iff4 0.7758 98.04% 1.0124 0.0794
7 5.04 x 104 0.8149 93.34% 1.0705 0.1375
8 5.39 x 104 0.8069 94.26% 1.0799 0.1469
9 5.07 x 104 0.7818 97.29% 1.0714 0.1384
Solution TOuenchl
Fluorescence
368 nm
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
1 0 813.76 813.76 1.000
2 8.945E-05 576.26 586.49 1.388
3 1.514E-04 498.09 495.27 1.643
4 2.621E-04 454.53 460.63 1.767
5 2.768E-04 449.51 458.37 1.775
6 2.911E-04 396.59 404.52 2.012
7 5.041E-04 390.60 418.49 1.945
8 5.386E-04 370.00 392.52 2.073
9 5.074E-04 350.72 360.50 2.257
Table 3.33 Raw Data: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.02041 M SDS.
Table 3.34 Final Results: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.02041 M SDS
Solution
Nominal
r4-iodotoluenel
(Molarity)
Total
Absorbance
@ 295 nm
Percent
Absorbed by
9-EtCz
Total
Absorbance
@ 282 nm
Absorbance
OfOuencher
@ 282 nm
1 0 0.7641 100.00% 0.9338 0
2 8.0 x 10 0.7692 99.34% 0.9513 0.0175
3 1.3 x
10"" 0.7617 100.32% 0.9615 0.0277
4 2.1 x
10"4 0.7616 100.33% 0.9797 0.0459
5 3.0 x
10* 0.7696 99.29% 0.9970 0.0632
6 3.5 x
104 0.7812 97.81% 1.0113 0.0775
7 4.5 x
104 0.7775 98.28% 1.0335 0.0997
8 5.0 x
104 0.7686 99.41% 1.0444 0.1106
9 6.0 x
10"* 0.7856 97.26% 1.0708 0.1370
Solution
Calculated
r4-iodotoluene|
(Molarity)
Fluorescence
368 nm
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
1 0 813.88 813.88 1.000
2 8.03 x
10 618.74 622.87 1.307
3
1.27x10"" 554.08 552.34 1.474
4 2.11 x
10"" 517.98 516.29 1.576
5 2.90 x
104 482.86 486.34 1.673
6 3.55 x
10"" 457.99 468.24 1.738
7 4.57 x
10"" 425.81 433.28 1.878
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5.07 x 10"*
6.28 x 10*
392.10
399.17
403.13
401.52
2.019
2.027
Table 3.35 Raw Data: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.02634 M SDS
Solution
Nominal
[4-iodotoluenel
(Molarity)
Total
Absorbance
@ 295 nm
Percent
Absorbed by
9-EtCz
Total
Absorbance
@ 282 nm
Absorbance
Of Ouencher
@ 282 nm
1 0 0.7461 100.00% 0.9157 0
2 6.5 x 10 0.7616 97.96% 0.9450 0.0293
3 7.4 x 10 0.7509 99.36% 0.9451 0.0294
4 1.4x10* 0.7681 97.14% 0.9707 0.0550
5 1.9 x 10* 0.7757 96.18% 0.9918 0.0761
6 2.2 x 10"* 0.7715 96.71% 1.0041 0.0884
7 2.7 x 10"4 0.7777 95.94% 1.0222 0.1065
8 3.4 x 10* 0.7909 94.34% 1.0506 0.1349
9 5.0 x 104 0.7767 96.06% 1.1179 0.2022
Table 3.36 Final Results: P(S-co-VnCz) Quenched by 4-Iodotoluene in 0.02634 M SDS
Solution
Nominal
r4-iodotoluenel
(Molarity)
Fluorescence
368 nm
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
1 0 834.06 834.06 1.000
2 7.35 x 10 668.02 681.90 1.223
3 7.38 x 10 603.94 607.83 1.372
4 1.38x10* 574.42 591.36 1.410
5 1.91 x 10* 538.36 559.72 1.490
6 2.22 x 10"* 523.22 541.03 1.542
7 2.67 x 10"* 491.63 512.45 1.628
8 3.38 x 10"* 469.89 498.10 1.674
9 5.07 x 10* 370.96 386.17 2.160
The result of the P(S-co-VnCz) latex quenched by 4-iodotoluene fit the hindered
access model of quenching that predicts two regimes for the fluorophore: a quencher
accessible regime and a quencher inaccessible regime. The efficiency continued to be a
function of SDS and micelle concentration, however, the Stern-Volmer plot had
downward curvature, regardless of the SDS molarity. The Stern-Volmer plot appeared to
be somewhat linear at low quencher concentrations, but this may be due to the hindered
access effect equaling the effects of a joint Stern-Volmer and Perrin model, where
upward curving is expected. The hindered access model dominates at 4-iodotoluene
concentrations above 2 x 10"4M. The irregularity of the plots in Figure 3.26 is a
consequence of styrene-carbazole interactions. In addition to the heavy-atom quenching
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of 4-iodotoluene, exciplex formation becomes a consideration within the latex particle.
The effect of the exciplex is not fully understood in the context of increasing the micelle
concentration and 4-iodotoluene concentration.
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Figure 3.21 Stern-Volmer Plots: P(S-co-VnCz) Latex Quenched by 4-Iodotoluene in SDS Solutions
3.6 Quenching P(MMA-co-VnCz) latex with 4-iodotoluene
The quenching of P(MMA-co-VnCz) latex was extremely sensitive to quencher
concentration. The maximum concentration of 4-iodotoluene (4.3 x
10"5 M) and the
concentration range (0.86 x
10"6 M to 4.3 x 10"5M) were too small to extract any
significant concentration data from any absorption wavelength. Concentrations of
4-iodotoluene were estimated based on the dilutions carried out in the lab with standard
volumetric flasks and pipettes.
76
Again, no nitrogen purge was necessary and Stern-Volmer ratios were determined
using equation 23 rather than 25. The results of the quenching in P(MMA-co-VnCz)
latex with 4-iodotoluene matrix are given in Tables 3.37 - 3.41.
Table 3.37 Raw Data: P(MMA-co-VnCz) Latex Quenched by 4-Iodotoluene in 0.0081 M SDS
Solution
Estimated
[4-iodotoluenel
Fluorescence
363 nm
Io/I
363 nm
lndo/1)
363 nm
1 0 781.77 1.000 0
2 8.62 x 10'6 454.89 1.719 0.719
3 1.72x10 349.30 2.238 1.238
4 2.15 x 10 314.47 2.486 1.486
5 2.58 x 10 283.71 2.756 1.756
6 3.45 x 10 244.02 3.204 2.204
7 4.31 x 10 224.97 3.475 2.475
Table 3.38 Raw Data: P(MMA-co-VnCz) Latex Quenched by 4-Iodotoluene in 0.0141 M SDS
Solution
Estimated
[4-iodotoluenel
Fluorescence
363 nm
Io/I
363 nm
ln(Io/I)
363 nm
1 0 781.36 1.000 0
2 6.88 x 10 578.41 1.323 0.323
3 1.38x10 487.91 1.568 0.568
4 1.72x10 455.43 1.680 0.680
5 2.06 x 10 438.59 1.744 0.744
6 2.75 x 10 400.51 1.910 0.910
7 3.44 x 10 363.50 2.105 1.105
Table 3.39 Raw Data: P(MMA-co-VnCz) Latex Quenched by 4-Iodotoluene in 0.0199 M SDS
Solution
Estimated
[4-iodotoluenel
Fluorescence
363 nm
Io/I
363 nm
ln(Io/I)
363 nm
1 0 806.51 1.000 0
2 6.88 x 10 640.27 1.260 0.260
3 1.38 x
10 566.80 1.423 0.423
4
1.72x10 532.08 1.516 0.516
5 2.06 x
10 511.84 1.576 0.576
6 2.75 x
10 473.82 1.702 0.702
7 3.44 x
10 426.65 1.890 0.890
Table 3.40 Raw Data: P(MMA-co-VnCz) Latex Quenched by 4-Iodotoluene in 0.0257 M SDS
Solution
Estimated
r4-iodotoluenel
Fluorescence
363 nm
Io/I
363 nm
ln(Io/I)
363 nm
1 0 789.54 1.000 0
2 6.88 x
10" 683.63 1.155 0.155
3
1.38x10 596.74 1.323 0.323
4 2.06 x
10 537.95 1.468 0.468
5 2.75 x
10 513.87 1.536 0.536
6 3.44 x
10 468.84 1.684 0.684
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Table 3.41 Raw Data: P(MMA-co-VnCz) Latex Quenched by 4-Iodotoluene in 0.0164 M SDS
Solution
Estimated
[4-iodotoluenel
Fluorescence
363 nm
Io/I
363 nm
ln(Io/I)
363 nm
1 0 779.51 1.000 0.000
2 8.62 x 10"" 563.64 1.383 0.383
3 1.72 x 10 474.69 1.642 0.642
4 2.58 x 10 421.34 1.850 0.850
5 3.45 x 10 371.49 2.098 1.098
6 4.31 x 10 340.63 2.288 1.288
7 8.62 x 10 243.57 3.200 2.200
8 1.29xlO4 209.59 3.719 2.719
9 1.72x10* 189.68 4.110 3.110
10 2.15 x 10* 184.23 4.231 3.231
Although the fluorescence quenching of P(MMA-co-VnCz) was extremely
efficient at low 4-iodotoluene concentrations, at quencher concentrations above 3 x
10"
M, downward curvature was observed (see Figure 3.22). As the concentration of
quencher was extended beyond 2 x
10"4 M for a solution of 0.0164 M SDS, it became
clear that a saturation point of quenching was reached (see Figure 3.23). The quencher
was unable to interact with sections of the latex, presumably in the inner core of these
dispersed particles. The inability of the quencher to interact with specific regions of the
latex fits the hindered access model of quenching.
3.5
3.0
? 0.0080MSDS
A 0.0141 M SDS
0.01 99M SDS
0.0257M SDS
.?
0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00E-05
2.50E-05 3.00E-05
[4-iodotoluene]
3.50E-05
Figure 3.22 Stern-Volmer plots ofP(MMA-co-VnCz) Latex Quenched by 4-Iodotoluene in SDS Solutions
78
y = -2E+1
5x"
+ 9E+1 1 x3 - 2E+08X2 + 38871 x + 1
R2
= 0.9993
Linear (363 nm)
Poly. (363 nm)
O.OOE+00 5.00E-05 1.00E-04 1.50E-04
[4-iodotoluene]
2.00E-04
Figure 3.23 Stern-Volmer plot of P(MMA-co-VnCz) Quenched by 4-Iiodotoluene in 0.0164 M SDS
There was a clear effect of SDS concentration on the quenching efficiency within
the latex (see Figure 3.24). The change in the Stern-Volmer slope in this latex matrix
was less drastic than the change observed in the micellar matrix. This can be attributed to
the trapping of quencher within the latex particles. Diffusion out of the uncrowded
micelles was faster than diffusion out of the latex particles. As the SDS concentration
was increased, the latex concentration was held constant. The increase in SDS
concentration, and therefore an increase in micelles, did lead to an increase in the
probability that a quencher would be in a micelle, unable to interact with the fluorescing
latex. However, once a quencher diffused from a micelle into a latex particle, it became
trapped. The effect of the change in SDS concentration was muted by the semi
permanent migration of quencher into the latex phase.
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Figure 3.24 Stern-Volmer Slopes from P(MMA-co-VnCz) Quenched by 4-Iodotoluene as a Function of
SDS Molarity
3.7 Quenching P(MMA-co-VnCz) polymer extractedfrom a latex with 4-iodotoluene
The fluorescence quenching of P(MMA-co-VnCz) was extended beyond the latex
matrix. A solid copolymer was extracted from the latex and the solid was dissolved in
tetrahydrofuran (THF). The dissolved copolymer was quenched by 4-iodotoluene and the
analysis (Tables 3.42 and 3.43) was carried out in the same way as the analysis of
9-ethylcarbazole quenched by 4-iodotoluene in 2-propanol. The concentration of the
alkylcarbazole in the copolymer was estimated from the fluorescence peak ratio at
349 nm and 363 nm (0.94:1) and from the experimental mole percent of vinylcarbazole
per mass of copolymer.
Table 3.42 Raw Data: P(MMA-co-VnCz) Quenched by 4-Iodotoluene in THF
Solution
Nominal
[4-iodotoluenel
(Molarity)
Total
Absorbance
@ 294 nm
Percent
Absorbed by
9-EtCz
Absorbance
OfOuencher
@ 294 nm
Fluorescence
363 nm
1 0 1.0735 100.00% 0 783.30
2 J 0.00161 1.2197 88.01% 0.1462 612.26
3 0.00312 1.3574 79.08% 0.2839 494.57 j
4 0.00385 1.4231 75.43% 0.3496 445.89
5 0.00543 1.5671 68.50% 0.4936 372.30
6 0.00647 1.6613 64.62% 0.5878 353.69
7 0.00868 1.8615 57.67% 0.7880 266.56
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Table 3.43 Final Results: P(MMA-co -VnCz) Quenched by 4-Iodotoluene in THF
Solution
Calculated
r4-iodotoluenel
(Molarity)
Corrected
Fluorescence
(368 nm)
Io/I
368 nm
ln(Io/I)
368 nm
1 0 783.30 1.000 0
2 0.00161 695.64 1.126 0.119
3 0.00312 625.36 1.253 0.225
4 0.00385 591.10 1.325 0.282
5 0.00543 543.48 1.441 0.366
6 0.00647 547.35 1.431 0.358
7 0.00868 462.22 1.695 0.527
The results of carbazole within a copolymer solution quenched by 4-iodotoluene
exhibited typical Perrin model quenching (see Figures 3.25 and 3.26). The copolymer
solution was a rigid matrix that is characteristic of a typical Perrin environment. The
slope from the Perrin plot, 61.7, translates into an effective quenching radius of 2.90 A
(using equation 7). This radius is in line with typical heavy-atom quencher interaction
distances, which act on the order of ~4 A.
y =
3335.7x'
+ 52.154x+1
R2
= 0.9993
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
[4-iodotoluene]
Figure 3.25 Stern-Volmer Plot of P(MMA-co-VnCz) Quenched by 4-Iodotoluene in THF
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Figure 3.26 Perrin Plot of P(MMA-co-VnCz) Quenched by 4-Iodotoluene in THF
3.8 Comparing Quenching EfficienciesAcross Matrices
From the results of fluorescence quenching in the various matrices (see table
3.44) it is clear that the matrix affects the interaction between alkylcarbazole species and
iodotoluene derivatives. The results in the third column reflect Stern-Volmer slopes
calculated at low quencher concentrations, where the Stern-Volmer plot was linear. The
S-V slopes for the micelle matrix and P(MMA-co-VnCz) latex solution were extrapolated
from the respective plots of S-V slopes versus SDS concentration at 0.01 M SDS (Figures
3.18 and 3.24).
Quenching in single-phase media is effected by solvent viscosity. The quenching
is nearly three times more efficient in hexanes than in 2-propanol. This efficiency
mirrors the difference in diffusivity of the quencher in the two solvents. Exciplex
formation is a factor in matrices that contain toluene and polystyrene. The quenching
efficiency of 4-iodotoluene in toluene is noticeably lower than in 2-propanol.
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4-iodotoluene quenches the fluorescence of P(S-co-VnCz) ten times less efficiently than
the fluorescence of P(MMA-co-VnCz). The exciplex acts as a competing quencher that
reduces the effect of the iodotoluene quencher.
In multi-phase matrices, the fluorophore and quencher migrate toward the non-
polar, non-continuous phase of either micelles or latex particles. The migration leads to a
high local concentration of quencher and fluorophore and a greater quenching sensitivity.
In the extreme case, P(MMA-co-VnCz) quenched by 4-iodotoluene, the global quenching
efficiency is nearly 1,000 fold greater than the quenching in 2-propanol. This increase in
quenching sensitivity could be used to design a number of
'amplified' fluorescence
quenching probes or sensors to measure concentrations of organic molecules that are too
low in single-phase aqueous systems.
The upward curvature of Stern-Volmer plots in the hexanes solution and micelle
matrix indicates that there is both a dynamic and static quenching component in
non-viscous environments. The efficiency of quenching is much greater in SDS, and is a
consequence of the analytes diffusing into the dispersed phase, where the local
concentrations of quencher and fluorophore are greater than in the bulk phase.
The saturation of the quenching curves for the alkylcarbazole copolymers indicate
that there is a significant portion of fluorophore trapped in the core of the latex particle.
Furthermore, 4-iodotoluene is not able to diffuse into this random copolymer coil within
the latex. The quenching that does take place around the outer shell of the latex is
extremely efficient in the P(MMA-co-VnCz) latex. Extending this model to the
P(S-co-NIPMI) latex, it is reasonable to assume that 9-ethylcarbazole does not diffuse
through the entire latex core. More likely, some of the polymer-bound quencher was kept
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from interacting with 9-ethylcarbazole, which resides in the more polar regions of the
dispersed phase. In this case, the effective, accessible quencher concentration may be
considerably lower than the concentration within the latex particle. Perrin model
quenching was observed, rather than saturation quenching because the viscous P(S-co-
NIPMI) on the outer shell was sufficient to quench the fluorescence of 9-ethylcarbazole.
Quenching the extracted P(MMA-co-VnCz) polymer in a THF solution was
purely static in nature. A Perrin type quenching mechanism is expected for a polymer
solution and this may serve as a feasible model for the type of quenching that occurs
within the P(MMA-co-VnCz) latex. In both cases, the polymer is oriented in a random
coil, though in the THF solution there are more solvent-polymer interactions. The
saturation quenching makes it difficult to make a definitive case, but the type of
quenching in the fluorescent latexes is most likely static in nature.
Table 3.44 Quench Data from Each Matrix
Matrix Type ofOuenching S-V Slope
9-EtCz & 4-iodotol.
in 2-propanol
Mixed S-V & Perrin;
Downward curving Perrin 61.5
9-EtCz & 4-iodotol.
In hexanes
Mixed S-V & Perrin;
Upward curving Perrin 178
9-EtCz & 4-iodotol.
In toluene
Mixed S-V & Perrin;
Upward curving Perrin 22.7
9-EtCz & 4-iodotol.
in 0.01 M SDS
Mixed S-V & Perrin;
Upward curving S-V 4084
9-EtCz &
P(S-co-NIPMI) latex with
0.01 M SDS
Perrin
(pure static)
6655
P(S-co-VnCz) latex & 4-
iodotol. in 0.01 M SDS Hindered Access;
Downward Curving S-V
5457
P(MMA-co-VnCz) latex &
4-iodotol.
in 0.01 M SDS
Hindered Access;
Downward Curving S-V
56310
P(MMA-co-VnCz)
solution & 4-iodotol.
in THF
Perrin
(pure static)
66.4
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3.9 Thin Filmsfrom Latexes
Thin films constructed from the copolymer latexes were the final matrices that
were studied. Films of both P(S-co-VnCz) and P(MMA-co-VnCz) were prepared. The
spectra of the copolymers, in Figure 3.27, have peaks and peak ratios similar in range to
that of typical carbazole fluorescence. P(S-co-VnCz) has the familiar styrene tail at 320
nm, in addition to peaks at 460 nm, 500 nm, and 520 nm. These three peaks are not seen
in the P(MMA-co-VnCz) spectrum. Re-absorption does not explain the new peaks
because the concentration of alkylcarbazole is nearly the same in each copolymer (the
comparison of concentrations is based on the peak ratios at 345 nm and 360 nm.)
The three peaks between 460 nm and 520 nm are phosphorescent peaks. These
peaks are a result of the exciplex formation between styrene, S, and alkylcarbazole, A,
components of the polymer. The excited singlet state of the alkylcarbazole,
'
A*, overlaps
the excited triplet state of styrene, S . After an exciplex is formed, intersystem crossing
takes place. The excited triplet of styrene relaxes to the triplet state of an alkyl carbazole.
Internal conversion occurs between the styrene and the alkylcarbazole resulting in
phosphorescence from an excited triplet state of the alkylcarbazole A :
A*
+ s -+
lA*
S -* A
3S*
->
3A*
S -^ A + S + hc/X.
The phosphorescence was observed in the thin film matrix, but neither the latex solution
nor redissolved polymer exhibited such behavior. Phosphorescence is more intense in
rigid environments, such as thin films. Also, the concentration of fluorophore within the
film was quite high, relative to the other matrices.
There was no serious attempt to study quenching within these matrices. It was
difficult to make a series of three ormore films that had reproducible fluorescence
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intensities. With the variation in fluorescence intensities and without a reliable method to
precisely calculate fluorophore or quencher concentration, it is difficult to interpret the
results of quenching in thin films.
1000
900
800
P(S-co-VnCz)
P(MMA-co-VnCz)
320 370 420 470 520
Wavelength (nm)
570 620
Figure 3.27 Fluorescence Spectra of P(S-co-VnCz) and P(MMA-co-VnCz) Films
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4. Conclusion
The fluorescence quenching of 9-ethylcarbazole, and its copolymer analogs, by
4-iodotoluene, and its derivatives, is highly sensitive to the matrix surrounding the
analytes. Purely static quenching, exciplex quenching, mixed static and dynamic
quenching, and hindered access model quenching were each observed in at least one of
the matrices studied. Micelles and latexes were employed to create isolated regions
within a solution where the concentration of fluorophore and quencher were orders of
magnitude greater than in the bulk solution. The creation of such regions led to a wide
range of Stern-Volmer slopes and quenching efficiencies. In the P(MMA-co-VnCz) latex
specifically, the quenching was extremely sensitive to changes in 4-iodotoluene
concentrations on the order of 10"6M.
9-Ethylcarbazole was a sufficient fluorophore. Its low solubility in aqueous
solutions was a minor obstacle, but the use of 2-propanol as a delivery solvent countered
this shortcoming. Copolymer latex analogs of 9-ethylcarbazole were easily synthesized
from 9-vinylcarbazole. The greatest drawback to using an alkylcarbazole is that it readily
forms exciplexes with toluene in solution and styrene within a copolymer. Although
exciplex formation provides a wealth of information for possible studies on copolymer
interactions or solvent-analyte interactions, within the scope of simpler quenching
studies, exciplex formation adds an unneeded layer of complexity.
4-Iodotoluene was a stable quencher that did not appear to be involved in any
side-reactions in any matrix and it was easy to synthesize its polymer analog. The
solubility of this analyte, in aqueous solutions was a limitation. Even with the aid of a
delivery solvent, in micellar solutions the maximum concentration was limited to
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5 x
10"
M. The concentration of quencher within a latex copolymer, on the other hand,
can be increased by changing the monomer ratios in the latex synthesis.
Latex solutions will provide a challenging and hopefully rewarding system for
further study. Quenching in latexes that contain more than one copolymer is possible.
Quenching between two oppositely charged latex particles may also prove insightful.
One could design a single type of latex particle that contains a core fluorophore
containing copolymer surrounded by a second shell copolymer that is quencher labeled.
Further work could also be done to use the amplified quenching observed in latexes to
design a number of fluorescent probes and sensors.
Films and polymer solutions may be another area of future interest. The
progression ofmatrices naturally flows from single-phase solutions to micelles to latexes
to polymer solutions to polymer films. The information that is obtained from each matrix
becomes useful in the analysis of prior and subsequent studies.
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